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 Identifying effective strategies of groundwater uranium remediation has been a 
focus of research at the former uranium and vanadium mill site in Rifle, Colorado.  
Monitored natural attenuation, bicarbonate flushing and biostimulation techniques have 
been investigated for aqueous uranium removal and impacts to other groundwater 
contaminants.  Biostimulation, which is based on adding a carbon substrate to promote 
microbial growth and the reduction of soluble U(VI) to immobile U(IV), has been the 
primary focus at this site over the past decade.  Passive flux meters (PFMs) were 
developed using anion exchange resin to sorb uranium from the groundwater as it flows 
through the PFM.  From the fraction of tracer removed and the amount of uranium 
sorbed, these PFMs were used to determine uranium and groundwater fluxes using the 
same sample.  Accurate flux measurements were made using this improved technique, 
and results showed lower uranium fluxes in reduced zones. 
 While reducing conditions are favorable for uranium immobilization, this 
biostimulation has been shown to increase arsenic concentrations substantially.  The 
strongest arsenic release has been observed during sulfate reduction and concomitant 
sulfide generation.  Speciation studies, using ion chromatography coupled to inductively 
coupled plasma mass spectrometry (IC-ICP-MS), were conducted to understand this 
arsenic release. Highly mobile thioarsenates, specifically trithioarsenate, comprised the 
majority of the increased arsenic concentration.  However, post sampling conversion 
from thioarsenites is possible.  Laboratory mechanistic experiments revealed that 
arsenite and sulfide react in the groundwater to form thioarsenite, which can then 
oxidize to thioarsenate.  Although accurate identification of the oxidation state remains a 
challenge using the current IC-ICP-MS methods, improvements have been made.  
Bicarbonate flushing was shown to remove uranium without the large increase in 
arsenic concentrations.  If biostimulation is chosen for uranium remediation, care will 
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1.1 Uranium chemistry, contamination and remediation strategies 
Uranium is a contaminant of concern at many former milling and mining sites, as 
well as DOE national laboratories that processed uranium for nuclear weapons.  
Uranium is a radioactive element with three naturally occurring isotopes with decreasing 
natural abundances, 238U (99.2745%), 235U (0.7200%) and 234U (0.0055%) (Chart of the 
Nuclides, 2002).  Each of these isotopes releases alpha particles upon decay.  The 
daughter products are also radioactive, and a decay series, releasing alpha and beta 
particles, is completed for each starting uranium atom with the final stable products 
being lead isotopes (Sutton et al. 1993).  Despite the natural decay series, uranium 
isotopes have long half lives (~4.5 billion years for U-238) and present long term 
contamination problems for these sites. 
Following World War II, uranium mining reached a peak in the United States, and 
at this time, organizations like the Environmental Protection Agency had not yet been 
founded, and long term repercussions of release and contamination had not been 
investigated.  After uranium ore was processed, large tailings piles were formed, often 
adjacent to the rivers where the mills were located.  Over time, uranium was leached 
from the tailings, which was promoted by the high surface area of the tailings, and 
contaminated the underlying soil and groundwater.  Congress passed the Uranium Mill 
Tailings Radiation Control Act (UMTRCA) in 1978 stating that the EPA would set 
standards for uranium clean up of these 24 contaminated sites, designated Uranium Mill 
Tailings Remedial Action (UMTRA) projects (UMTRCA, 1978).  The Department of 
Energy (DOE) was assigned responsibility for most of these sites, including the former 
uranium mill in Rifle, Colorado.  DOE began surface remediation at Rifle in 1992, and all 
tailings were removed to a disposal cell about 9 miles north of the mill by 1996.  UMTRA 
sites were cleaned on the surface, but groundwater contamination remains.  In Rifle, 
original groundwater remediation focused on Monitored Natural Attenuation (MNA) 
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(Jorgensen et al. 2010, U.S. EPA 1999).  This method allows for natural flushing of 
uranium through the groundwater to the Colorado River where it will be diluted by a 
factor of about 30,000 to background concentrations (U.S. DOE 2008).  This process is 
monitored over time by collecting and analyzing for uranium in groundwater samples 
from the monitoring wells, and it has an expected duration of about 10 years to 
complete flushing (U.S. DOE 1999).   
In the meantime, Rifle, CO has become home to the Integrated Field Research 
Challenge (IFRC) through a DOE remediation program.  As such, the site has become a 
testing ground for novel remediation techniques (U.S. DOE 2008, U.S. DOE. 1999). 
1.1.1 Remediation techniques 
Former techniques of groundwater remediation included pump and treat, which 
was based around pumping ligand-containing solutions into the ground to form stronger 
aqueous uranium complexes than the uranium surface complexes with solid particles. 
This increases the uranium mobility so it can be treated above ground.  Kantar and 
Honeyman tested this method in the lab and found that uranium-citrate complexes can 
be created to desorb more uranium from the solid phase than possible by uranyl 
carbonato complexes (Kantar and Honeyman 2006).  This lab study focused on 
injecting a solution of uranium, tritium and bicarbonate into a soil column.  They found 
that the initial uranium peak was slightly retarded relative to the tritium tracer, and some 
of the uranium had bound to the soil particles and remained in the column.  Once citrate 
was added to the system, new strong aqueous complexes were formed that removed 
uranium from the column, and with enough citrate, the remaining uranium was removed 
from the soil.  Pumping and treating is expensive and leaves solid uranium waste that 
needs to be safely deposited once it is precipitated from solution in an ex-situ process.  
This prompted the study of new treatment strategies that would occur in situ and is 
based on reduction and immobilization in the subsurface. 
These newer remediation strategies focus on the redox chemistry of uranium and 
rely on the results of reduction.  Oxidized uranium (VI) is soluble and mobile in the 
subsurface, while the reduced form of uranium (IV) is mostly insoluble, and therefore 
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less mobile.  U(VI) is most often found as the uranyl cation, UO2
2+, which forms 
aqueous complexes with carbonate, hydroxide and other ligands and metals (Unsworth 
et al. 2002, Koss 1988).  U(IV) is found as U4+ in the environment and quickly binds to 
oxygen to form uraninite (UO2(s)) and other solid materials (Sharp et al. 2009).  If 
reducing conditions can be reached in the subsurface, uranium can be immobilized from 
aqueous complexes to a solid and therefore no longer bioavailable.  Based on Eo, 
standard reduction potential, values for the reduction half reactions, uranium reduction 
(Eo = 0.411 V) (Brooks et al. 2003) occurs between iron (III) reduction (Eo = 0.769 V) 
and sulfate reduction (Eo = 0.248 V) (Benjamin 2002) based on the concentrations of 
the redox species in the Nernst equation 1.1 where Ered is the half cell reduction 
potential, E° is the standard reduction half-cell potential, R is the universal gas constant, 
T is the temperature, z is the number of moles of electrons transferred in the cell, F is 
the Faraday constant, αred is the activity of the reductant and αox is the activity of the 










        (1.1) 
From a similar set of values, we can also examine the energetics of organic matter 
redox chemistry.  Microbes participate in redox chemistry as well, and they tend to 
utilize the oxidant that will provide the most energy first and then moving into lower 
energy electron acceptors.  In groundwater, the system moves from oxygenated 
conditions to nitrate reduction, manganese (IV) reduction, iron (III) reduction, sulfate 
reduction and finally into methane production.  Like uranium reduction, there are other 
reduction processes occurring, but the ones listed are the major redox conditions.  
Figure 1.1 shows an Eh-pH diagram of the different redox species of uranium and iron 
at concentrations of a typical field site (Brooks et al. 2003).  Rifle uranium 
concentrations are in the range of 10-7 molar.   This reduction can occur abiotically 
through the coupled reaction of a metal oxidation or biotically with the use of microbes 






Bacteria have been seen to either directly or indirectly reduce uranium when 
stimulated with an appropriate carbon and electron source (Wall and Krumholz 2006).  
A number of carbon sources have been tested for this purpose, including acetate, 
lactate, glucose, formate and benzoate (Finneran et al. 2002).  Direct uranium reduction 
occurs in the periplasm of the bacterial cell.  The microbe directly uses the carbon and 
electron source for energy and the electrons are transferred to uranium.  This oxidizes 
the carbon source and reduces uranium.  Indirect reduction can occur outside of the cell 
using iron (II) or sulfide, among others (Ginder-Vogel and Fendorf 2007).  The bacteria 
directly reduce iron, which then reduces the uranium.  Fe2+ is reoxidized to Fe3+ and 
UO2
2+ is reduced to UO2(s).   
 
Figure 1.1. Uranium and iron Eh-pH diagram.  Iron concentration shown is 10-6 M with 
varying uranium concentrations from 10-10 to 10-6M, indicated by the lines labeled by -6, 




Lab studies have been conducted to test the effectiveness of bioremediation.  
Lovley et al. (1991) stimulated geobacter using acetate and found direct uranium 
reduction.  14C-labelled acetate was added as the carbon source, and as the number of 
geobacter cells increased, the fraction of uranium (VI) decreased at the same rate of 
uranium (IV) increase, showing the reduction of uranium.  Carbon dioxide is the 
oxidation product, and this was measured using the decay of the 14C-acetate.  A nearly 
linear correlation was found between the moles of uranium reduced and the amount of 
carbon dioxide produced (Figure 1.2).  These data validate the microbial reduction of 
uranium and oxidation of acetate to carbon dioxide.  The next step was to test the 
application of bioreduction in a field setting. 
 
Figure 1.2. Uranium and cell concentrations over time during acetate stimulation and 
amount of carbon dioxide produced per mole of uranium reduced (Lovley et al. 1991). 
In research performed at the old mill site in Rifle, CO, biostimulation has been 
used to reduce uranium in the subsurface.  Wells have been drilled for acetate 
injections over time to stimulate microbial growth to reduce the uranium in situ.  
Upgradient and downgradient wells were also installed to monitor uranium 
concentrations and reduction progress.  Also measured were acetate concentrations, 
additional water chemistry constituents applicable to the study and redox chemistry of 
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the site, and microbial characterization.  Figure 1.3 shows a diagram of one of these 
early field set-ups (Anderson et al. 2003).  Additional well galleries have been 
subsequently drilled, and many more experiments have been conducted on site to 
investigate the effects of remediation on uranium mobility and microbial life, as well as 
the overall geophysical, geochemical and biochemical changes in the subsurface 
(Chang et al. 2005, Yabusaki et al. 2007, Chandler et al. 2006, Williams et al. 2011, 
Klammler et al. 2012). 
 
Figure 1.3. Concept and layout of the in situ plot installed at the old Rifle UMTRA site in 
Rifle, CO (Anderson et al. 2003). 
The lab studies done by Lovley et al. (1991) proved the ability of bacteria to 
reduce uranium as shown in Figure 1.2.  Work by Sharp et al. (2009) examined the solid 
produced to see if uraninite is in fact the product of this reduction.  Extended X-Ray 
Absorbance Fine Structure (EXAFS) was used to look at the solid structure of a 
standard uraninite mineral, and uranium solids with U:O ratios slightly greater than 1:2, 
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showed that the microbially produced mineral phases had the same characteristic U-O 
bands as uraninite (Sharp et al. 2009, Schofield et al. 2008).   
The effectiveness of these strategies depends not only on the ability to grow the 
proper microbes responsible for the reduction of uranium, but also on the continued 
reducing conditions to maintain the uraninite solid.  Reoxidizing the uranium will result in 
the mobilization of the once reduced immobile solids.  As the following discussion will 
demonstrate, during the field injection experiments, microbial communities were 
effectively stimulated to promote growth through the carbon source.  However, these 
reducing conditions were not maintained long-term in the field, and aqueous uranium 
concentrations saw a slight increase from the maximum reduction. 
From the monitoring well data, the concentrations of aqueous uranium and 
acetate display important correlations.  Shown in figure 1.4 are corresponding acetate 
and uranium concentrations over time for fifteen monitoring wells and three background 
wells.  In the monitoring wells, the acetate maximum breakthrough was seen around 40 
days (Anderson et al. 2003) in the first set of wells (M-01 through M-05).  It appears a 
little later, but at somewhat similar concentrations in the second gallery of wells (M-06 
through M-10).  It is further retarded and attenuated in the wells further downgradient.  
Along with the peak in acetate, we see a decrease in the U(VI) concentrations at about 
the same time.  This suggests a connection between acetate stimulation of microbes 
with the reduction of uranium.  Unfortunately, the lowest concentrations of uranium are 
not maintained, as seen by the slight increase in concentration after the minimum, 
which occurs during the time of high acetate concentrations.   
The same group also did a 16S rDNA profiling to characterize the microbial 
communities present upgradient and downgradient over time.  There is a small 
percentage of Geobacter present initially, and 18 days after the start of acetate injection 
nearly 90% of the microbes present are Geobacteraceae.  This percentage goes down 
over time. At the last analysis, done 80 days after acetate injection, the sulfur reducing 
bacteria are dominant, showing that the system has moved from iron reducing 
conditions into sulfur reducing conditions (Anderson et al. 2003). 
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Wall and Krumholz (2006) did a review of the literature and found 32 different 
bacterial strains that have been shown to effectively reduce uranium in laboratory 
settings.  Geobacter and Shewanella species are the most often mentioned. 
 
Figure 1.4a. Acetate concentrations in background wells (B-01 – B-03) and 
downgradient monitoring wells (M-01 – M-15) (Anderson et al. 2003).  
 
Figure 1.4b. Uranium (VI) concentrations in background wells (B-01 – B-03) and 
downgradient monitoring wells (M-01 – M-15) (Anderson et al. 2003). 
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As mentioned before, the low aqueous uranium concentrations are not sustained 
long term.  In modeling work done by Yabusaki et al. (2007) using the first 
biostimulation experiment done at Rifle in 2002, this rebound is seen more clearly.  
Figure 1.5 shows the decreased uranium concentration followed by a small rebound.  
While the decreased concentrations do not last, the rebound does not return to the 
initial conditions, indicating some sustained uranium reduction is occurring.  This figure 
shows the biostimulation period lasting 123 days, but the acetate breakthrough curve 
shows a peak despite continuous injection.  This corresponds to the shift from iron 
reducing conditions to sulfate reducing conditions.  Much more acetate is necessary for 
reduction of sulfate to sulfide compared to the reduction of Fe3+ to Fe2+.  While the 
microbial community becomes more efficient at using all of the acetate injected, the 
redox conditions do not promote efficient reduction of uranium.   
 
 
Figure 1.5a and 1.5b. Modeled and actual acetate and uranium concentrations 
downgradient of acetate injection wells.  Biostimulation lasted 123 days, but in this case, 
very little acetate is found at these wells after 55 days due to change in redox chemistry 




As seen in these graphs, there is some previously immobilized uranium released 
over time.  This is likely due to oxidation of the uraninite back to U(VI) complexes.  A 
number of groundwater components could reoxidize the uranium as they pass through 
the system and move the system from iron or sulfate reducing conditions to more 
oxidizing.  These oxidizers include oxygen, nitrate and Fe3+.  If any of these move from 
somewhere upgradient and are not reduced before reaching this system, the potential 
exists for uraninite oxidation and mobilization. 
At the Rifle, CO research field site, acetate injections were used to stimulate 
Geobacter growth and promote direct and indirect reduction of uranium.  A definite 
decrease is seen in U(VI) concentrations at the same time as acetate breakthrough, but 
this decrease is not maintained long term in the system once the conditions move to 
sulfate reducing and more acetate is required for reduction.  Despite the slight rebound, 
the final uranium concentrations were notably lower than the starting conditions and 
much lower than the background wells.  Biostimulation offers an alternative to costly 
and time consuming pump and treat methods. 
1.2 Arsenic chemistry and contamination 
Arsenic levels above the World Health Organization, WHO, level of 10 ug/L 
(Sharma and Sohn 2009) are a major concern for many areas around the world, 
particularly in Southeast Asia, namely Bangladesh (Polizzotto et al. 2006, Bibi et al. 
2008).  As a known carcinogen and poison, high levels of arsenic in drinking water can 
lead to many human health problems like arsenicosis (Oremland et al. 2004).  Arsenic is 
the 20th most common element in the earth’s crust (Mandal and Suzuki 2002).  The 
sources of this arsenic contamination can vary from one location to another, and include 
arsenic sulfide minerals to anthropogenic processes (Lievremont et al. 2009).  There 
are many ways we can exacerbate or improve the situation, as will be shown in chapter 
3.  Natural cycles play a large role in arsenic mobility and release.  Oxidation and 
reduction of arsenic and related minerals are major controls on arsenic fate and 
transport in the environment.  The most widely accepted hypothesis for arsenic release 
into the groundwater in Bangladesh is the reductive dissolution of iron (oxy)hydroxide 
minerals (Bibi et al. 2008, Solaiman et al. 2009, Drahota et al. 2009).  As the system 
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moves to reducing conditions, ferric iron, Fe (III), minerals are dissolved to aqueous 
ferrous iron, Fe (II).  Ferric iron particles provide a great sorption surface for arsenate, 
As (V), so when these minerals dissolve, the sorbed arsenic is released and can be 
reduced to aqueous As (III), arsenite.  Since aqueous species are significantly more 
mobile than solids, this presents a large problem.  Proposed remediation techniques are 
based on inducing oxidizing conditions to promote As (V) sorption to iron hydroxide 
minerals (van Halem et al. 2010).  There is still a lot of work needed to fully understand 
the mechanisms, biotic and abiotic, contributing to high arsenic concentrations.  In my 
dissertation, redox conditions and microbial effects are investigated. 
Arsenic is present in all physical phases (solid, liquid and gas) in the 
environment.  Solid arsenic minerals are formed, they can be dissolved, undergo redox 
chemistry that can transfer arsenic to an aqueous phase, and it can enter into the 
atmosphere as a volatile organoarsenic compound.  Figure 1.6 is a good, basic 
demonstration of the major processes in the arsenic cycle.  Point sources of arsenic 
dumping are shown, as well as redox chemistry and organism uptake of contaminant 
arsenic (Mukhopadhyay et al. 2002). 
 
Figure 1.6. Global arsenic cycle (Mukhopadhyay 2002). 
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Chemical conditions are not the only factors in redox processes.  Bacteria can 
play a very large role in controlling the redox conditions in an aquifer.  When given all 
the essentials for growth: a carbon source, energy, water, and an electron acceptor and 
donor, bacteria thrive and can do a lot to change the mobility of certain metal(loid)s, 
such as arsenic, through redox chemistry.  While humans, other eukaryotes, and some 
prokaryotes show strong negative effects from arsenic exposure, some bacteria have 
learned to thrive by metabolizing, respiring and incorporating arsenic into their cells 
(Oremland et al. 2004).  There are strains of bacteria that will oxidize arsenite and 
others that will reduce arsenate.  This can have huge consequences for the 
environment, but if manipulated properly, growing certain bacterial cultures could be a 
natural way to clean up and reclaim contaminated waters and sites.  These microbial 
processes have been shown to occur at rates significantly quicker than the inorganic 
redox chemistry of arsenic (Bhattacharya et al. 2007), so microbial reduction and 
oxidation has the potential to play a very large role in arsenic chemistry and mobility in 
the environment.  Along with reducing and oxidizing arsenic for energy, recent work has 
shown that there is a natural bacterial species, called the GFAJ-1 strain, that is capable 
of incorporating arsenate into its DNA in place of phosphate (Wolfe-Simon et al. 2010), 
although this work has been refuted (Erb et al 2012, Reaves et al. 2012).  If this is really 
the case, this will have huge impacts for the types of life that can exist. 
1.2.1 Microbial biogeochemistry  
Bacteria are present everywhere on earth, and when given the essentials for life, 
which can include food/energy sources, water, carbon, minerals, light, etc., different 
communities will begin to thrive.  At Mono Lake in California, arsenic concentrations 
around 200 uM allow growth of microbes that have evolved to build a resistance to or 
even a need for arsenic.  Microbial characterization at Mono Lake showed 25% high 
G+C gram-positive bacteria like Actinobacteria, 19% low G+C gram-positive bacteria 
(Bacillus Clostridium), 19% Cytophaga-Flexibactera, 10% γ-proteobacteria and 6% α-
proteobacteria (Oremland et al. 2004).   
Arsenate reduction to arsenite energetically occurs between iron and sulfate 
reduction, so many of the metal reducing bacteria and sulfate reducing bacteria play a 
13 
 
role in the microbial reduction and oxidation of arsenic.  Along with being able to reduce 
and oxidize arsenic, microbes are also capable of methylating arsenic (Chang et al. 
2008), and this was first noted 150 years ago when fungal species were making 
trimethylarsine. 
1.2.2 Microbial reduction of arsenate 
There are three main genes that make arsenic resistance and usage possible for 
bacteria.  The arsC gene encodes arsenate reductase, and arsA and arsB act as the 
arsenite efflux pumps following reduction.  Two additional genes, arsR and arsD 
regulate the ars (arsenic resistance system) operon (Bhattacharya et al. 2007).  The 
genes arsRBC are all necessary for reduction of arsenic and must be present together 
(Lievremont et al. 2009).  For reduction to occur, arsenate must enter into the cell.  This 
is done through phosphate transporters.  Arsenic lies directly below phosphorus on the 
periodic table, giving arsenate a similar structure and properties as phosphate (Elias et 
al. 2012).  Arsenate is reduced by arsenate reductase enzymes, the ArsC protein.  The 
reduced arsenite compound is excreted from the cell transmembrane by the ArsB 
protein (Lievremont et al. 2009).  The ArsC protein has 47 presumed protein 
sequences, and ArsB has 29 presumed sequences (Mukhopadhyay et al. 2002).  Figure 
1.7 shows two microbes with these genes added, Escherichia coli and Saccharomyces 
cerevisiae, and the mechanisms of arsenate reduction using the proteins and enzymes 
mentioned. 
At Mono Lake, the arsenate respiring sulfate reducer Desulfosporosinus 
auripigmentum was examined in situ to determine reduction rates.  Rates increased 
with depth until the highest rates were found at the bottom of the oxycline layer, and 
then after that, rates dropped off with increasing depth.  Sulfate reduction occurred 
much deeper than arsenate reduction.  Equation 1.1 shows a reaction of arsenic 
metabolizing bacteria, B. arsenicoselenatis and B. selentireducens , found at Mono 
Lake (Mukhopadhyay et al. 2002). 
 Lactate- + 2HAs(V)O4
2- + H+ → Acetate- + HCO3
-  + 2H2As
(III)O3





Figure 1.7. Microbial reduction of arsenate through the cells of E. coli and S. cerevisiae.  
Arsenate is pumped through phosphate transporters, and enzymatic proteins (ArsC and 
Arr2p for example) reduce the arsenic which is excreted from the cell as arsenite 
(Mukhopadhyay et al 2002). 
Microbial reduction of arsenic can be used as a remediation technique.  In most 
cases, when arsenic is inadvertently reduced, large arsenic releases are seen.  A lot of 
work has been done studying the impacts of microbial reduction in sediments, which 
has been shown to be responsible for releasing arsenic under many conditions (Jing et 
al. 2008, Chatain et al. 2005).  However, when controlled and complete extraction is 
achievable, microbial reduction can be used to mobilize arsenic in the subsurface to 
remove it and treat it.  This method was tested in a slurry bioreactor using B. 
arsenicoselenatis (mentioned in the equation above) and dissimilatory reduction of 
arsenate (Soda et al. 2009) as described in equation 1.  The goal was to take this 
natural reduction and reproduce it in the lab with the same bacteria.  Figure 1.8 shows 




Figure 1.8. Model of slurry bioreactor to reduce arsenate.  The main steps for 
successful remediation are the desorption of As (V) followed by reduction to As (III) and 
separation and removal of the arsenite (Soda et. al 2009). 
This approach was found to be effective in removing between 20 and 63% of the 
arsenic in the system, depending on the original amount of arsenic and associated soil 
types.  Sorption and desorption curves were developed, and a finite amount of arsenic 
can be removed in one extraction step.  In contrast to some experimental modeling, the 
rate limiting step for this method was not the reduction from arsenate to arsenite, but 
actually the desorption of the arsenate from the mineral surfaces.  Since microbes can 
obtain more energy from compounds such as nitrate, iron and oxygen, the presence of 
these can prevent the release and mobilization of arsenic (Soda et al. 2009). 
1.2.3 Microbial oxidation of arsenite 
Arsenite oxidation was first reported in 1918 as a detoxification process to 
tolerate more arsenic (Mukhopadhyay et al. 2002).  A different set of genes are 
responsible for the oxidation of arsenic compared to reduction.  These genes, aoxA and 
aoxB, encode for arsenite oxidase enzymes (Lievremont et al. 2009).  They were first 
identified in Herminiimonas arsenicoxydans but have now been found in several 
chemoautotrophs as well as photoautotrophs.  The energy these organisms gain from 
oxidizing arsenic is then used to fix carbon for energy.  Arsenite oxidase is located on 
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the outer surface of the inner membrane of these organisms, and was investigated in 
Alcaligenes faecalis. As(OH)3 enters the protein and binds to a molybdenum-based co-
factor.  There is a two electron transfer to the molybdenum molecule.  Mo (VI) is 
reduced to Mo (IV) and as a result, the arsenite is oxidized to arsenate, which is then 
released.  Figure 1.9 shows a nice depiction of this mechanism.  Over 30 species have 
been reported that will oxidize arsenite (Oremland et al. 2004). 
 
Figure 1.9. Microbial oxidation of arsenite through arsenite oxidase enzyme and 
molybdenum co-factor (Mukhopadhyay et al. 2002). 
Just as arsenate reducing bacteria have potential for bioremediation, arsenite 
oxidizers have been investigated for the same purpose but working in the opposite way.  
Rather than using bacteria to release arsenic and remove it from the system, oxidizing 
arsenic for remediation aims to precipitate iron minerals and provide a surface for higher 
arsenic (V) sorption.  This decreases mobility and therefore the bioavailability of arsenic.  
Current practices evolve around pumping aerated water into a contaminated aquifer and 
precipitating minerals and promoting arsenic sorption.  From there, the minerals can 
remain immobile in the subsurface or be extracted for further treatment.  This procedure 
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is currently used in Bangladesh to treat groundwater (van Halem et al. 2010).  Microbial 
oxidation has only been recently examined as a possibility.  Chang et al. (2008) 
cultivated arsenite oxidizing bacteria and tested for live, growing strains.  The 
influx/efflux pumping mechanisms were looked at in great detail, and 10 major enzymes 
were found to be important for treatment of the investigated mine sites using indigenous 
bacteria (Chang et al. 2008).  This technique has the potential to be a good remediation 
technique, assuming the appropriate bacterial cultures are available.  The ones 
examined in this study are typical of mining sites. 
1.2.4 Thioarsenic species 
Typical inorganic arsenic speciation has focused on the arsenic species 
previously mentioned, arsenite and arsenate, using the Ficklin method (1983.)  Using a 
strong anion exchange resin column, arsenate is retained as an anion, and arsenite 
passes through, as this species is uncharged at the pH of the analysis.  Acid can be 
used to elute the arsenate, and the concentration of arsenic in each fraction can be 
measured for total arsenic and speciation determination (Ficklin 1983).   
In addition to arsenate and arsenite, other inorganic arsenic species, such as 
thioarsenites and thioarsenates, have been observed recently in natural and 
contaminated waters, specifically those high in aqueous arsenic and sulfide 
concentrations (Wallschlager and Stadey 2007).  Using the Ficklin method to speciate 
arsenic in sulfidic waters may not yield a true representation of the species present.  
Thioarsenites, which would not be fully protonated at the high pH of this method 
(Zakaznova-Herzog and Seward 2012) are also retained and would be included in the 
arsenate fraction (Jay et al. 2004).  Ion chromatography using inductively coupled 
plasma mass spectrometry (IC-ICP-MS) methods have been used to successfully 
separate thioarsenate species from arsenite and arsenate (Wallschlager and Stadey 
2007, Wilkin et al. 2003).  Figure 1.10 shows a chromatogram of such a method.  As 
with the Ficklin method (1983), arsenite is fully protonated and is not retained.  Its 
retention time depends on the void volume of the column and connecting lines.  
Arsenate elutes next followed by monothioarsenate, dithioarsenate, trithioarsenate and 




Figure 1.10. Chromatogram using anion exchange chromatography to separate arsenic 
species and ICP-MS as an arsenic and sulfur detector (Wallschlager and Stadey 2007). 
Thioarsenic species have been observed in a number of locations in the 
environment, including surface waters such as Mono Lake (Hollibaugh et al. 2005), 
geothermal water at Yellowstone National Park (Planer-Friedrich et al. 2007a, b), rivers 
exiting geothermal sources (Cornelia and Britta 2012), hydrothermal vents (Price et al. 
2012), and contaminated groundwater (Stauder et al. 2005).  Each of these water 
sources is chemically reducing with concentrations of arsenic and sulfide in the ppm 
range.  Environmental factors have been investigated for their effects on speciation and 
preservation, such as pH (Planer-Friedrich and Wallschlager 2009), oxidation (Cornelia 
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and Britta 2012) and iron concentrations (Suess et al. 2011).  Tetrathioarsenate is only 
stable at pHs above 12, and monothioarsenate appears more often under acidic 
conditions.  At near neutral pH, trithioarsenate has been seen to dominate speciation in 
these systems.  As this trithioarsenate is exposed to more oxidizing conditions, it is 
desulfidized and the sulfur is oxidized to sulfate.  Flash freezing has beenshown to be 
the best way to preserve thioarsenic samples for analysis, but extra steps are required if 
the sample has a high iron content.  Microbial impacts were investigated for oxidation of 
thioarsenates only.  Bacterial mats native to the Yellowstone geothermal drainage 
system were used to compare oxidation rates abiotically and microbially of 
thioarsenates.  Oxidation was much greater in the microbial systems (Cornelia and 
Britta 2012).  To our knowledge, there has been no work done to investigate the 
microbial impacts of reducing arsenic to thioarsenic species.  Thioarsenite formation 
has been shown in one study to reduce arsenite toxicity (Rader et al. 2004). 
While most of the thioarsenic species presented in these studies have been 
thioarsenates, the possibility for thioarsenite species exists.  For the last decade, there 
has been an ongoing debate about the true speciation of arsenic in sulfidic waters and 
the validity of the analysis techniques.  Some of the initial work done using IC-ICP-MS 
indicated that the aqueous arsenic-sulfur species were thioarsenites due to the reduced 
nature of the sample (Wilkin et al. 2003).  Due to the structure and three bonding sites, 
arsenic (III) does not allow for a true “tetra”-thioarsenite.  It was assumed that there was 
some on-column oxidation contributing to the formation of a 1:4 As:S species.  Later, x-
ray absorption spectroscopy (XAS) and electrospray ionization mass spectrometry (ESI-
MS) techniques were used to examine thioarsenic species (Wallschlager and Stadey 
2007).  The As-S species measured by the IC-ICP-MS technique were thioarsenates.  
Synthesized thioarsenic revealed thioarsenite species by XAS methods (Beak et al. 
2008).  No thioarsenites were observed and confirmed using IC methods.  There are 
numerous other studies that present evidence for one oxidation state for arsenic or the 
other.  Planer-Friedrich et al. (2010) investigated the results of XAS and IC-ICP-MS 
methods on thioarsenites to understand this debate.  This group found that by adding 
arsenite and sulfide in an anaerobic atmosphere (95% nitrogen and 5% hydrogen), 
thioarsenites were formed.  As shown in figure 1.11 with x-ray absorption near edge 
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spectroscopy (XANES) and extended x-ray absorption fine structure (EXAFS) data, the 
As:S species formed have arsenic in the +3 oxidation state, and the arsenic is bound to 
sulfur. 
 
Figure 1.11. XANES and EXAFS data for synthetic thioarsenic compounds.  The left 
most figure shows the XANES data with the arsenite and arsenate white lines shown.  
The reduced arsenic shows a lower energy, as does increased sulfidation to the 
arsenic.  The middle and right figures are EXAFS data, and the species labels are 
included on the Fourier Transform EXAFS data (Planer-Friedrich et al. 2010). 
Using the thioarsenites synthesized with a 1:10 As:S ratio in the anaerobic 
chamber, Planer-Friecrich et al. (2010) found that under aerobic conditions, 
thioarsenites oxidized readily to varying thioarsenates.  Under completely anaerobic 
conditions, the thioarsenite eluted as arsenite with a slightly longer retention time 
(Figure 1.12).  It appeared as though thioarsenites are inaccurately measured using the 
IC-ICP-MS method and they are unstable under the conditions used for analysis, as 
well as highly prone to oxidation.  IC-ICP-MS methods work well for thioarsenate 
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analysis. However, thioarsenites are not accurately identifiable by this method.  XAS 
methods work well to differentiate thioarsenates from thioarsenites; however, the 
concentrations needed for XAS methods (high ppm) are not typically suited for 
environmental samples.  These analytical limitations will need to be considered for 
accurate speciation determination. 
 
Figure 1.12. Thioarsenite speciation as determined by IC-ICP-MS methods under 
anaerobic (red) and aerobic (green) conditions (Planer-Friedrich et al. 2010). 
1.3 Summary 
Uranium and arsenic are contaminants that are both affected by redox chemistry 
and microbial growth and energetics.  These contaminants can be remediated by 
several strategies in the subsurface.  More common strategies involve pump and treat 
to solubilize the contaminant and flush it from the system.  Uranium can be flushed with 
carbonate complexes, citrate, or oxidizing chemicals used to release U(VI).  Arsenic is 
often flushed under reducing conditions, which can be controlled abiotically or 
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microbially.  Above ground, the contaminants are chemically precipitated and further 
treated for storage.  This strategy is costly and labor-intensive.  It also places the 
contaminants in a new system, but ideally under more controllable conditions. 
A second strategy involves immobilizing the contaminants in the subsurface, 
limiting their release and bioavailability.  For uranium, this involves reducing the system, 
often times by stimulating native bacterial reduction to U(IV).  Arsenic is oxidized to 
As(V), which sorbs very strongly to iron oxides and sediments.   
Redox chemistry plays a very large role in the remediation strategies employed 
for metals.  Unfortunately, for uranium and arsenic, the release and immobilization 
redox conditions are opposite of each other.  Oxidizing conditions favor uranium release 
and arsenic immobilization, and vice versa.  This presents a dilemma for remediating 
sites contaminated with both contaminants.  Using redox chemistry to treat one 
contaminant could make the situation worse for the other.  This problem is the basis for 
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GROUNDWATER URANIUM FLUXES 
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2.1 Abstract 
Laboratory tests and a field validation experiment were performed to evaluate 
anion exchange resins for uranium sorption and desorption in order to develop a 
uranium passive flux meter (PFM).  The mass of uranium sorbed to the resin and 
corresponding masses of alcohol tracers eluted over the duration of groundwater 
installation are then used to determine the groundwater and uranium contaminant 
fluxes.  Laboratory based batch experiments were performed using Purolite A500, 
Dowex 21K and 21K XLT, Lewatit S6328-A resins and silver impregnated activated 
carbon to examine uranium sorption and extraction for each material. The Dowex resins 
had the highest uranium sorption, followed by Lewatit, Purolite and the activated 
carbon.  Recoveries from all ion exchange resins were in the range of 94 to 99% for 
aqueous uranium in the environmentally relevant concentration range studied (0.01 to 
200 ppb).  Due to the lower price and well-characterized tracer capacity, Lewatit S6328 
A was used for field-testing of PFMs at the DOE UMTRA site in Rifle, CO. The effect on 
the flux measurements of extractant (nitric acid)/resin ratio, and uranium loading were  
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investigated.  Higher cumulative uranium fluxes (as seen with concentrations > 1 ug U /  
gram resin) yielded more homogeneous resin samples versus lower cumulative fluxes 
(<1 ug U / gram resin), which caused the PFM to have areas of localized concentration 
of uranium.  Resin homogenization and larger volume extractions yield reproducible 
results for all levels of uranium fluxes.  Although PFM design can be improved to 
measure flux and groundwater flow direction, the current methodology can be applied to 
uranium transport studies. 
2.2 Introduction 
Uranium is a contaminant of concern at many DOE former mining and milling 
sites.  With the passing of the Uranium Mill Tailings Radiation Control Act (UMTRCA) in 
1978, tailings were removed to repositories and the surface soil was remediated from 
24 inactive uranium mill sites.  In Rifle, Colorado, the site of a former uranium and 
vanadium mill, the contamination remains in the soils and shallow groundwater due to 
uranium leached from the tailings prior to removal. Monitored natural attenuation (MNA) 
was the chosen method for remediating the uranium below ground surface(U.S. DOE 
1999).  Surface remediation was completed in 1996, but groundwater treatment is 
ongoing.  Uranium, vanadium, and selenium are the main contaminants of concern at 
this site (U.S. DOE 2008).   
The Rifle, CO site is situated directly adjacent to the Colorado River and has a 
semi-arid climate, receiving on average 300 mm of precipitation.  The first 20-30 feet 
below ground surface is Colorado River alluvium, which covers the sands, silts and 
clays of the Wasatch Formation.  A more complete description of the Rifle mill site 
geology and hydrology can be found elsewhere (Yabusaki et al. 2007). By natural 
flushing, soluble uranium discharges under a natural gradient to the Colorado River 
where it is further diluted to background levels.  Initial groundwater modeling predicted 
this process to take 100 years to reach background levels (U.S. DOE 2008).  Decrease 
in uranium concentration is, however, occurring slower than anticipated and other 
remediation strategies are being investigated.   
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Since 2002, biostimulation experiments have been performed at the site to 
stimulate microbial reduction of uranium (VI), which is the soluble, mobile form, to 
immobile uranium (IV) using acetate injections (Lovley et al. 1991, Anderson et al. 2003, 
Ortiz-Bernad et al. 2004).  To determine the effectiveness of the biostimulation, it is 
necessary to measure the uranium concentrations upgradient and downgradient of the 
injection wells. It is also valuable to know the rate of groundwater flow.  A rapid flow 
combined with a high soluble contaminant concentration is of greater concern than a 
slow moving plume of similar contaminant concentration. To be considered successful, 
bioremediation usually needs to achieve low soluble contaminant concentrations; 
however, a high concentration may be allowed to remain if little or no flow occurs.  
Examining the concentration alone may lead to an incomplete understanding of the 
system.  Measuring contaminant flux (Jc), which is the product of the volumetric water 
flux, or specific discharge (q0) and the flux-averaged contaminant concentration (c) 
provides better insight into the outcome of remediation efforts (Hatfield et al., 2004).     
There are limitations with the current methods for estimating flux.  Concentrations 
are typically measured independently of the specific discharge, possibly at separate 
sampling times or location, leading to significant variations and errors in flux 
calculations.  Flux estimates generally rely on modeled flow rates or laborious and 
intrusive hydrologic tests (tracer injections or pump tests).  To acquire more reliable 
information, the passive flux meter (PFM) was developed to provide simultaneous direct 
measures of the specific discharge (qo) and contaminant mass flux (Jc) (Hatfield et al. 
2004, Annable et al. 2005).    Contaminant measurements made using PFM represent 
cumulative local fluxes, which can then be used to estimate flux-averaged aqueous 
concentrations (c), according to equation 2.1, for comparison to measured aqueous 
concentrations.   
 cqJ c 0=          (2.1) 
PFM schematics and the details of the calculations are provided by Hatfield et al (2004).  
The PFMs were initially used to measure the flux of organic contaminants, and used 
silver impregnated (antimicrobial) granulated activated carbon (GAC Ag) as the sorbent 
material (Annable et al. 2005). 
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Previously, anion exchange resins such as Dowex 21K and 1-X8, Purolite A500, 
A600 and A520E, and Lewatit K 6367 have been proven to remove uranium from 
aqueous solutions (Phillips et al. 2008, Kolomiets et al. 2005) under a large range of pH 
conditions, from acidic to alkaline, with the most effective sorption observed near neutral 
pH to alkaline conditions.  Chelating resins (Pesavento et al. 2003, Merdivan et al. 
2001), such as Chelex 100 and Amberlite XAD-16, and cation exchange resins, such as 
Dowex-50 (Schumann et al. 1997), have been shown to be most effective at sorbing 
aqueous uranium in acidic solutions.  Due to the near neutral pH at the Rifle site and the 
expected dominance of anionic uranyl carbonato species, this work focused on anion 
exchange resins previously shown to be effective. 
The goal of the overall project was to develop a PFM to quantify aqueous 
uranium fluxes at the Rifle site that can be used to evaluate the effectiveness of 
biostimulation by comparing upgradient and downgradient uranium fluxes.  To have an 
effective PFM, the material must quantitatively sorb all of the uranium passing through 
it, be capable of releasing the sorbed uranium upon extraction, and predictably retain 
and release the chosen tracers, preferably without microbial growth occurring on the 
resin.  Because the PFM will be used to evaluate the effectiveness of biostimulation an 
additional constraint for this application was that elution of resident tracers must not 
affect results of the other experiments being performed simultaneously at the site.  To 
keep total remediation and monitoring costs at a minimum, resin cost is also a factor for 
making the final choice.  Therefore resins will be evaluated for uranium sorbed and 
desorbed, tracer capacity and finally, cost.  In this specific study uranium speciation and 
water chemistry conditions (pH, alkalinity, major ions, etc.) were investigated to find the 
best sorbent material for use in the PFMs at Rifle, CO.   
2.3 Methods 
A sample of background Rifle groundwater was analyzed for speciation.  
Modeling tests were performed to determine the aqueous uranium (VI) speciation using 
Visual MINTEQ, Version 3.0, over a pH range of 3-10 using the Multi-problem/Sweep 
function.  Only aqueous species were included and sorption and precipitation were 
ignored.  Data on metal and ligand concentrations were obtained from inductively 
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coupled plasma atomic emission spectroscopy (ICP-AES) using a Perkin Elmer 3000 
for cation metals, ion chromatography (IC) using a Dionex ICS-90 system for major 
anions, a Shimadzu TOC analyzer for dissolved organic carbon (DOC) and alkalinity 
titration for carbonate.  The concentrations of these major components in Rifle 
groundwater can be found in Table 2.1. These concentration values were used as input 
for the model and updated constants for the calcium and magnesium species provided 
by Dong and Brooks (2006) were used to update the database.  
Table 2.1. Concentrations of components used to model uranium speciation.  Only 
major components affecting uranium species are included. 
Component Concentration 
U(VI) 226 ug/L 
Ca2+ 262 mg/L 
Na+ 202 mg/L 
Mg2+ 128 mg/L 
SO4
2- 795 mg/L 
CO3
2- 168 mg/L 
Cl- 192 mg/L 
NO3
- 12 mg/L 
DOC 4.5 mg/L 
 
2.3.1 Materials 
Numerous sorbents have been developed and used for the removal of uranium 
from water at near neutral pHs.  Organic resins with quaternary amine sites, strong 
anion-exchange resins, bind uranyl complexes strongly and are available from several 
manufacturers, for example the Dowex 21K and Purolite A series (Kolomiets et al. 2004, 
Vaaramaa et al. 2000, Jelinek and Sorg 1988, Chanda and Rempel 1992a, b, Barton et 
al. 2004).  Purolite A500, Dowex 21K and 21K XLT, Lewatit S6328 A and silver 
impregnated granular activated carbon (GAC Ag) were investigated as possible sorbent 
materials in the PFMs.  The Lewatit resin has been previously used for anion capture in 
PFMs (Cho et al. 2007).   These resins were expected to have good sorption for the 
uranyl carbonate anion complexes predicted in the Rifle groundwater.  Each resin was 
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examined for uranium sorption and desorption and tracer elution properties relative to 
price.  Table 2.2 shows a comparison of the resin properties and prices at the time of 
the experiment (fall 2008).  Resins were used in the chloride form and rinsed thoroughly 
five times with deionized water and allowed to air dry.  No cleaning procedure was 
necessary for the GAC Ag.   
Table 2.2. Comparison of sorbent materials tested using data provided by manufacturer 













































amine 1.0 chloride 58-63 1.06 150.00 
GAC Ag 
activated 
carbon carbon unknown none 5   266.00 
 
Adsorption studies were initially done in new, sterile 15 mL polypropylene 
centrifuge tubes (BD, Franklin Lakes, NJ, PN 352196) using water with added sodium 
bicarbonate (1mM) to simulate Rifle alkalinity and pH.  Some wall-sorption of uranium 
was observed using these tubes. After 24 hours, polypropylene had sorbed 8% of the 
uranium present, and 25% after 72 hours.  Polystyrene tubes (BD, PN 352095) were 
then used for comparison.  Polystyrene tubes showed less uranium sorption to the walls 
than did the polypropylene tubes with 17% sorbed after 72 hours. Uranium sorption to 
the tubes increased over time for both materials; however, based on the near complete 
uranium recovery and mass balance from the resin after material transfer, we concluded 
that uranium preferentially sorbed to the resin regardless of time or tube material, and 
the tube sorption seen earlier in the blanks was deemed negligible in actual samples.  
Remaining experiments were done using polystyrene as a precaution to ensure most 
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uranium was sorbing to the resin.  Cleaning with nitric acid (3% v/v) was effective in 
removing all uranium from tubes, as determined by mass balance.  
All uranium solutions were made by diluting a 1000 ±3 ppm U (in 2% nitric acid) 
ICP standard (High-Purity Standards, Charleston, SC).  Dilutions were done using 
NanoPure deionized water for neutral pH, and trace metal grade nitric or hydrochloric 
acids (Fisher Scientific) for the lower pH standards.  Sodium bicarbonate, used to create 
the groundwater simulant, and the silver nitrate used to impregnate the GAC were ACS 
grade.   
2.3.2 Adsorption batch studies  
Resins and GAC were tested for uranium sorption from solution.  Sorbent 
materials were weighed (100±5 mg) into centrifuge tubes.  Uranium standard solutions 
at concentrations of 5, 10, 50, 100 and 300 ppb were prepared in 1 millimolar sodium 
bicarbonate (pH 7.3 ± 0.1) to simulate Rifle groundwater.  Uranium concentrations in 
Rifle groundwater average around 200 ppb.  The effects of pH, which will influence the 
aqueous uranium speciation, were tested by lowering the pH with nitric and hydrochloric 
acid to pH 3.8. 10 mL of uranium solution were added to each tube containing resin.  
Each concentration was examined in triplicate at both pHs.  The samples were placed 
on a shaker for 24 hours to allow mixing and ion exchange.  After the 24-hour 
equilibration period, the resins were allowed to settle and the overlying solutions were 
decanted into new centrifuge tubes, leaving the resins for the next extraction step.  In 
some cases this procedure was repeated with a 72 hour equilibration time to verify that 
complete ion exchange had been achieved over the shorter time period.  Since the 
PFMs will be in place in the aquifer for weeks at a time, testing the sorption for shorter 
times was deemed unnecessary based on estimated residence times (of groundwater 
passing through PFM) that were greater than 24 hours.  The solutions were analyzed 
for uranium by inductively coupled plasma-mass spectrometry (ICP-MS).   
2.3.3 Extraction 
A 1% nitric acid solution (10 mL) was added to all tubes with resins and shaken 
overnight.  When the pH is less than 1, the uranyl, UO2
2+ cation, becomes the dominant 
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form and should be extracted from the anion exchange resin.  Furthermore, the high 
level of nitrate should also cause desorption through competition for anion exchange 
sites.  After 24 hours, the acidic solution was decanted, verified to still be acidic (pH <2) 
by indicator paper, and analyzed by ICP-MS.  The same extraction procedure was used 
for field PFMs, using larger volumes as described later.  A uranium mass balance was 
computed using the values of desorbed uranium and the uranium remaining in solution 
following the sorption experiments.  
2.3.4 ICP-MS analysis 
A Perkin Elmer Elan 6100 ICP-MS was used for all analyses.  All samples were 
acidified with nitric acid prior to analysis and introduced simultaneously into the argon 
plasma with a 40 ppb In internal standard using a Gilson peristaltic pump.  A check 
standard was used every ten samples to verify instrument performance to be within 
10% of the true value.  Instrument calibration was done using uranium standards made 
in 1% nitric acid (Fisher Optima grade).  Running conditions complied with manufacturer 
recommendations and standard quality controls were practiced. 
2.3.5 Resin selection 
The ideal resin should have a high uranium sorption capacity that is linear over 
the concentration range of interest.  Linearity allows for predictability in performance 
and ease in calculations.  Linear partition sorption isotherms were developed from the 
results of each resin batch experiment.  The linear partition equation is given as: 
 sda CKC =          (2.2) 
where Ca is the concentration of uranium adsorbed to the resin (ug/kg).  Kd is the 
sorption equilibrium coefficient (kg/kg) and Cs is the concentration of uranium remaining 
in solution (ug/kg). 
Sorption (determined from Kd and average percentage sorbed over linear range) 
and desorption properties (determined by percentage of sorbed uranium extracted with 
acid), were evaluated.  The data was also analyzed using Langmuir and Freundlich 




sa KCC =          (2.3) 
provided a better fit than the Langmuir isotherm.  If the exponential term, n, is equal to 
one, this equation reduces to the linear isotherm equation. This linear form was found to 
be sufficient to describe resin sorption with the exception of the Purolite resin. 
Along with the use of ion exchange resin for uranium sorption, a second media 
consisting of granular activated carbon (GAC) pretreated with a suite of short chain 
alcohol tracers is used to measure volumetric water flux as presented in Hatfield et al., 
2004 and Annable et al., 2005.  Additional details of device construction and sampling 
are provided in section 2.3.4 Field Application of this chapter. 
Flow through experiments were performed in a bench-scale three-dimensional 
aquifer model using similar methods as presented in Hatfield et al. (2004) and Cho et al. 
(2007).  These tests were used to confirm performance of the resin and estimate the 
requisite flow convergence terms as presented in Hatfield et al. (2004).  
2.3.6 Field studies 
Resins were tested for microbial growth to ensure minimal interference with 
uranium sorption and desorption.  As a precaution for field samples, resins were 
pretreated with silver nitrate solution to add ionic silver to the resin for anti-bacterial 
properties.  The solutions were then analyzed by ICP-AES for residual silver (the 
difference assumed to be sorbed to the resin).  Silver was added to the resin to be 
comparable to the silver concentration (~0.03% by weight Ag:resin) on the GAC-Ag 
used in the initial PFM studies reported by Hatfield et al (2004).   
PFMs were installed in Rifle over a three week period in the summer and the late 
fall of 2009.  The meters were removed from the wells and brought to the lab in a PVC 
pipe used for transport only.  A small portion of the PFM was pulled from the pipe at a 
time, and a number of vertical segments were separated and homogenized by complete 
mixing of each sample before being split for uranium, tracer, and microbial analyses.  
See figure 2.1 for an example PFM sampling event.  For the data presented in this 
paper PFM were deployed in 4-inch wells, and each PFM was constructed with six 
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alternating segments of granular activated carbon (GAC) and Lewatit resin (three 
segments of GAC and three segments of Lewatit).  The bottom segment of each PFM 
was composed of GAC.  The PFM were retrieved and sampled with a deployment 
length of 23 days.  Tracer analysis from the GAC segments were used for groundwater 
flux estimates, and the Lewatit segments were used for uranium flux estimates. 
 
Figure 2.1 Sampling of PFMs, showing the layered resin and GAC PFM design.   
Uranium was extracted from the resins using additions of 10 mL of 1% nitric acid, 
which were replicated until no additional uranium removal was observed as determined 
by ICP-MS. Initially, small amounts of resin were used for the extracts to minimize 
waste produced and mirror the lab experiments.  Samples of 100-150 mg and 1-1.5 g of 
resin were extracted for uranium and concentration values were compared between the 
different resin sample masses.  For the 100 mg resin samples, this took one acid 
extraction with a second to verify complete uranium removal.  Poor reproducibility was 
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observed at lower concentrations (< 1ug U /g resin).  Three acid extractions were 
necessary for the one gram resin samples, but this larger resin amount had better 
reproducibility, regardless of uranium concentration or flux.  In extractions performed 
later in the project, 4 g resin samples were extracted in 40 mL of 1% nitric acid, which 
provided sufficient acid extractant for multiple analyses for uranium and other 
groundwater anions, while also giving a more representative sample size for improved 
reproducibility at low fluxes.  The uranium concentration data presented here will be 
used to calculate the uranium flux through the PFM.     
2.4 Results 
2.4.1 Speciation 
Visual MINTEQ computations suggest that over the environmentally relevant pH 
range (7-8), most of the uranium is present as uranyl carbonato anions or uranyl 
calcium triscarbonato neutral species (d in Figure 2.2).  In fact, across the pH range, all 
of the dominant species are neutral (b,c, and d) as uranyl sulfate,  UO2SO4, at lower 
pHs, uranyl carbonate, UO2CO3, at the mid range, and uranyl calcium triscarbonato 
above pH 5.5.  The uranyl cation, UO2
2+, becomes more important at the lower pHs (see 
a in figure 2.2), and this is the basis for removal of uranium from the anion exchange 
resins using nitric acid.  Despite the speciation being predominantly neutral aqueous 
species, the resins still show strong uranium sorption, demonstrating that anionic 
species are not necessarily needed for sorption to an anion exchange resin.  More 
complete geochemical modeling of this system, including sensitivity and error analyses 
on these samples, can be found in Leavitt et al. (2011). 
2.4.2 Adsorption 
All of the sorbent materials tested showed nearly complete uranium adsorption at 
the near neutral pH in the artificial groundwater sodium bicarbonate solutions.  The 
GAC Ag, which had the lowest sorption at the higher concentrations as seen in figure 





Figure 2.2. Rifle speciation modeled using Visual MINTEQ. 
 Both of the Dowex resins showed very good linear sorption across the range of 
concentrations investigated.  These resins sorbed an average of 99% of the uranium in 
solution.  The only difference between the resins is the mesh size, from 16-30 for the 
21K, and around 30 (but with more uniform size) for the 21K XLT.  At the examined 
range of uranium concentrations, there is no advantage to the smaller resin beads.  
Lewatit S6328 A also had a linear sorption isotherm, but with a slightly lower sorption 
percentage, averaging 95% with a Kd of 2000 (kg/kg) for aqueous uranium.  These 
linear sorption isotherms are desirable over the concentration range, so the amount 




Figure 2.3. Sorption isotherms for all materials tested comparing mass uranium sorbed 
to the resin (µg U/g resin) versus to mass uranium remaining in solution (µg/kg).  Each 
point represents an average of the three replicates with error bars omitted for clarity 
(values given in text).  Lines indicate the linear sorption isotherm from which Kd values 
were calculated. 
Purolite A500 shows increased uranium sorption at higher concentrations, a 
pattern that is different from the other resins.  Repeating the procedure for Purolite over 
72 hours rather than 24 hours showed the same trend, with a slight increase in sorption 
at higher concentrations.  While equilibrium had been reached for the other resins after 
24 hours, the Purolite resin was still sorbing uranium; an average of 94% of the uranium 
sorbed in 24 hours, and 97% had sorbed over 72 hours.  This same trend was seen in 
sulfuric acid solutions used by Kolomiets et al (2005).  The other resins tested by this 
group had reached equilibrium within 25 hours, while the Purolite A500 had not 
(Kolomiets et al. 2005).  While the linear isotherm has a good R2 value (0.91), it was not 
a linear trend, evidenced by a trend in the residuals, which was not seen with the other 
resins. Using the Freundlich isotherm equation, this was confirmed with an exponent 
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statistically greater than 1 (1.6±0.1).  Currently, we do not have a clear explanation for 
this phenomenon.  One possibility is a surface precipitation process that could be tested 
using infrared or Raman spectroscopy, but this was not done in this experiment since 
there were other resins with simpler adsorption trends to use in the PFM. 
An overview of the sorption calculations is shown in Table 2.3.  While there could 
be some improvement in the R squared values and the errors on the slope for our 
sorption data, the errors were deemed unimportant relative to instrumental errors.  With 
the exception of Purolite A500, each of the other sorbent materials produced Freundlich 
exponents near one, with only minor statistical differences.  The residuals from the 
linear partition isotherms were also investigated to verify linearity and showed no trend 
that would indicate a deviation from linearity.  Thus, the linear isotherms were 
presented. 
Table 2.3. Results of resin sorption studies.  Kd was determined from the linear slopes, 
and errors on those slopes are shown along with the R squared value of the linear fit. 
Resin Kd Error R squared % sorbed 
Purolite A500 1400 160 0.91 94 
Dowex 21K 1630 8800 1500 0.82 99 
Dowex 21K XLT 12000 1700 0.86 99 
Lewatit S6328 A 2000 70 0.97 95 
GAC Ag 800 130 0.84 89 
 
When resins were tested using groundwater collected from the Rifle, CO field 
site, all of the anion exchange resins performed in a similar manner as in the lab 
experiments with quantitative sorption at 99% sorbed.  This matched the sorption 
performance seen with Dowex resins in laboratory studies, suggesting improved 
sorption with all resins in natural waters.  Each of the resins maintained the original 
groundwater pH of 7.2, with only a minor drop to 7.1 for the Dowex resins.  The 
activated carbon did not follow the same pattern of uranium sorption in Rifle 
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groundwater.  The pH increased slightly to 7.4.  It sorbed around 33% of the calcium in 
the water, but it removed only 5% of the uranium.  This result ruled out the GAC as a 
sorbent choice for the field PFMs, but it could still be considered in the use of tracers for 
groundwater flux measurements. This work focused on U(VI) sorption since the 
solubility of U(IV) is so low and was not expected to influence the results.  It has been 
suggested that U(IV) complexation to organic ligands can increase solubility, but since 
the groundwater samples showed complete sorption and we are only interested in total 
uranium quantification, U(IV) vs U(VI) speciation was not investigated further. 
At a lower pH (3.8), uranium cations dominate speciation, and so little uranium 
adsorption would be expected to sorb to the resins.  This was not the case for the 
Purolite and Lewatit resins when pH was adjusted using nitric acid.  With each of the 
other resins, much lower masses of uranium were sorbed at pH 3.8 than at neutral pH 
with the same bicarbonate concentrations.  Purolite A500 and Lewatit S6328A both 
showed the same 94-95% sorption at the lower pH.  Gu et al. (2004) had examined 
Purolite resins and suggested that this phenomenon may be due to the concentration of 
nitrate on the resin surface allowing for aided uranium adsorption since the resin has a 
very high affinity for nitrate anions.  All of the resins have quaternary amine groups, but 
they suggest that the triethylamine groups have a higher affinity for nitrate than the 
trimethylamine groups present in the Dowex resins.  In another experiment pH was 
lowered using HCl to test if concentrated nitrate aided uranium sorption, and very 
different results were obtained.  As was expected with the acidic pH, there was very 
little uranium sorption to the resins.  As an additional test to confirm this nitrate-aided 
sorption, we exchanged the chloride ions already present on the resins with nitrate ions 
by rinsing the resins in excess sodium nitrate before testing the resins for uranium 
sorption at the lower pH.  Uranium sorption was at 12% for Lewatit and 20% for Purolite; 
these lower sorption results do not suggest a nitrate aided sorption.  One possibility is 
that there might be a uranyl-nitrate complex in solution that is sorbing to the resin rather 
than the uranyl species sorbing to concentrated nitrates on the resin.  More work is 
necessary to fully understand these results. 
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A 1% nitric acid solution (pH ~1) was effective at extracting uranium from all 
resins.  Essentially all of the sorbed uranium was desorbed into the acidic solution.  This 
was not the case for the GAC Ag.  Repeat acid extractions as well as bicarbonate and 
carbonate extraction solutions were used, but only a combined, inconsistent 40-70% of 
the total uranium could be removed from the GAC using the different extraction 
solutions.  This result again confirms the elimination of the GAC Ag as the sorbent of 
choice for the uranium PFMs since it would be nearly impossible to quantify uranium 
passing through the meter without a more efficient and reliable extraction method.   
2.4.3 Resin choice 
Based on sorption capacity, tracer studies and resin price, Lewatit S6328 A was 
the chosen resin for the field PFMs.  GAC had been eliminated due to poor extraction 
recovery and lower sorption than the other resins, and Purolite was eliminated due to 
the unexplained sorption phenomenon at higher concentrations.  Table 2.3 presents a 
summary of the results from the resin sorption tests.  While the Dowex resins exhibited 
better uranium sorption, the price difference for the 3-4% improvement in sorption, given 
the lower uranium concentrations at Rifle, was deemed unnecessary for this 
experiment, especially given the improved performance in the actual groundwater 
samples.  If it was necessary to get more accurate flux measurements, without having 
to make a minor correction for incomplete sorption, either Dowex resin would be a 
better choice.  Using this method, the greatest uncertainty in a flux measurement lies in 
the up to 10% error of the ICP-MS, not the slight loss that may be seen by using the 
Lewatit resin over one of the Dowex resins.  Since the resins did not reach a sorption 
capacity, it would be difficult to use these results to choose the best resin for use in high 
uranium flux contaminated sites.  One consideration for testing samples is that as the U 
fills the strongest resin binding sites, the apparent partitioning K will change (decrease) 
and the actual U flux would be underestimated.  However, based on the levels of U 
bound to the resin (Figure 2.4), we are in fact well within the experimental range (Figure 
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Figure 2.4. a) Uranium extracted from PFM#4 and b) (below) from PFM #6.  Since 
Lewatit was alternated with GAC to obtain tracer information, resin samples were 2, 4 
and 6 (top) in the depth sequence.  The left-most bar (black) in each series represents 
the total uranium concentration removed from the resin after all extractions using the 




2.4.4 Field application 
For the initial field test six PFM were deployed in six 4-inch wells. Each PFM was 
constructed using a new flux pod design having six alternating segments of granular 
activated carbon (GAC) and Lewatit resin (three pods or segments of GAC and three 
pods of Lewatit).  The bottom segment of each PFM was GAC.  The flux pods are self-
contained segments of sorbent that can be stacked on a common center tube. The pods 
can then be retrieved individually for sampling on site or packaged for shipment to an 
analytical laboratory for remote sampling and analysis. The objective for using individual 
segments of sorbent was two-fold: to test the individual capability of the Lewatit resin to 
capture uranium under field conditions while using the GAC to estimate groundwater 
flux and to test the new modular flux pod design.  This was a necessary step to test the 
efficiency of the Lewatit as a sorbent under field conditions. However, the alternating 
segment design does not allow for measurement of water flux and uranium flux at the 
exact same vertical location. One design modification implemented following this 
experiment was to develop a three-layer prototype which will allow both groundwater 
and uranium flux measurements at the same vertical location and mixed media sorbents 
are now also being tested. 
The PFM were retrieved and sampled after a deployment of 23 days 
(approximately three weeks).  Tracer analysis from the GAC segments were used for 
groundwater flux estimates, and the Lewatit segments were used for uranium flux 
estimates.  For comparison and validation of PFM performance, water samples were 
collected in each well four days prior to PFM deployment. 
Silver additions to the Lewatit resin matched the concentrations on the 
alternating GAC layers.  Solutions decanted after silver addition indicated that the 
Lewatit resin had in fact been coated to 0.03% silver by weight.  This prevented 
microbial growth on the resin while installed at Rifle.  After coating with silver (98% of 
silver sorbed to the resin), lab experiments were conducted to ensure that the silver was 
not being released from the resin and uranium sorption remained the same as without 
added silver.  Treating Rifle groundwater with the silver coated resin showed release of 
silver to be 0.3% of the sorbed silver and 99% of aqueous uranium sorbed to the resin, 
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which is unchanged from the sorption to resin with no silver addition, making it suitable 
for use at the field site.  We are unsure of the mechanism by which Ag+ sorbs to an 
anion exchange resin; perhaps it is related to the matrix material.  A complete 
understanding of this was not necessary, however, since we were only interested in just 
adding it for an antimicrobial purpose that would not interfere with uranium sorption. 
Uranium was extracted from the resins taken from the Rifle PFMs by the same 
1% nitric acid solution used for lab studies.  As mentioned before, small quantities of 
resin were compared to a larger sample to determine homogeneity in sample and 
method during the first sampling trips.  Figure 2.4 shows the results of the multiple 
extractions.  If the samples are homogeneous, the final total concentration of uranium 
extracted from both quantities of resin should be the same.  There were some minor 
discrepancies that can be attributed to either ICP-MS error or sample heterogeneity.  
PFMs that were exposed to higher water and uranium fluxes were more likely to have a 
homogeneous composition of uranium on the resin (totals match in figure 2.4a).  Lower 
flows yielded locally concentrated uranium in the PFM on the upgradient side and were 
more difficult to completely homogenize leading to inconsistent concentration values in 
samples less than one gram (see figure 2.4b).  Using a large quantity of resin, or the 
whole sample for the extraction, will improve the accuracy of the uranium masses used 
for flux calculations.  Samples were reanalyzed using the 4g/40 mL method listed, and 
replicate samples showed excellent reproducibility with a maximum difference between 
replicates of 5%, even at the lower concentrations of uranium (figure 2.5).  All samples 
from subsequent trips were analyzed in this manner.  Future PFM design may examine 
water flow direction (which changes with the river water stage) by cross-sectional 
quartering of samples.  This may also be useful for samples with localized concentrated 
uranium. 
2.4.5 Summary of field results 
Observed variations and trends in measured fluxes were consistent amongst 
wells and similar to the results provided for PFM 4 in figure 2.6, which shows the vertical 
distribution of uranium mass flux and volumetric water flux (specific discharge). It can be 
observed that vertical trends in uranium flux tend to agree with water flux, and the 
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resulting flux-averaged concentration for this well (167.25 µg/L) compares favorably with 
the aqueous concentration measured in the well (180.95 µg/L). 
 
Figure 2.5.  The results of using larger amounts of resin (4g) and acid (40 mL) for 
extractions.  Samples were chosen for this test based on the initial results so that a 
range of concentrations would be presented.  High, medium and low represent the 
concentration/flux ranges expected from the first set of tests. 
Table 2.4 provides a summary of uranium mass flux, volumetric water flux 
(specific discharge), flux-averaged concentration for all PFM segments, and measured 
aqueous concentrations.  The summary provides a comparison of flux-averaged 
uranium concentrations estimated from all PFM segments across all wells to aqueous 
uranium concentrations measured in each well. One key point to observe is the 
similarity of mean concentrations while noting the larger standard deviation for PFM-
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based flux-averaged estimates. This is because the aqueous concentrations represent 
the volumetric average within the entire borehole, while the flux-averaged 
concentrations show much higher resolution with respect to variation with depth (as 
shown in Figure 2.4).  The similar mean values for flux-averaged and measured 
aqueous uranium concentration provides a positive validation for PFM measurement of 
uranium flux while also providing additional detail with regard to the vertical variation of 
flux within the well and surrounding formation. 
 
Figure 2.6. Measured fluxes for PFM 4 showing vertical distribution of uranium mass 
flux and volumetric water flux (specific discharge or Darcy Velocity). The PFM flux-
averaged uranium concentration for this well was 167.25 µg/L which compares well with 













































Table 2.4.  Summary of uranium mass flux, volumetric water flux (specific discharge or 
Darcy Velocity), flux-averaged concentration for all PFM segments in all wells, and 
measured aqueous concentrations for all wells. 
 
Sample size (n) for each data set: 
For PFM: n = 3 PFM segments (samples) per 6 wells = 18 
For aqueous samples = n = 1 sample per 6 wells = 6 
 
As seen in figure 2.4a, when larger resin samples were extracted for uranium, 
the second extraction removed the most uranium, whereas the smaller resin amounts 
demonstrated expected extraction patterns, with the most uranium removed in the first 
extraction and less in each subsequent extraction.  This pattern was seen only in the 
first sampling trip in samples with high uranium fluxes.  This is possibly due to high 
concentrations of organics binding to the resin and preventing release of uranium in the 
first extraction.  To determine other anions sorbed to the resin and possible desorption 
interferences, a larger resin sample and volume of acid were used to have sufficient 
volume for both ICP-MS and ICP-AES analyses.  This larger volume also saw better 
consistency in low flux samples and was used for all future extractions.  It was also 
observed that significant sulfate was removed, with less in each subsequent extraction.  
Based on the acid strength and nitrate concentration, there were still enough 
exchangeable nitrate anions to remove all uranium and sulfate together, even with the 
2:1 nitrate:sulfate molar charge ratio, supporting the theory that organics are binding 
and blocking the sites.  However, if the binding strength of sulfate to Lewatit resin is 
much higher than that of nitrate, an excess of 5 times as many exchangeable ions of 
nitrate to sulfate may not have been sufficient, also contributing to the pattern of 
uranium removal. 
Uranium Specific discharge Flux averaged Measured aqueous
 Mass Flux (Darcy Velocity)  uranium concentration uranium concentration
(µg/cm
2
 day) (cm/day) (µg/L) (µg/L)
Minimum 0.13 2.27 57.62 171.00
Maximum 3.57 6.83 615.31 192.30
Standard Deviation 0.84 1.38 140.31 8.84
Mean 0.13 5.00 188.43 180.63




Anion exchange resins provide an effective material for use in a passive flux 
meter under the water chemistry conditions at the old mill site in Rifle, CO.  The Dowex 
21K resins had the highest uranium sorption capacity, but are more costly than some of 
the other resins (i.e. Lewatit) which have sufficient uranium sorption for this purpose and 
concentration range.  Despite geochemical computations indicating mostly neutral 
uranium species, anion exchange resins were very useful as uranium sorbents.  These 
resins may be good for anionic and neutral species, but more work is needed to 
understand the sorption mechanisms and speciation covering a larger pH range.  
Coating the resins with silver nitrate does not affect uranium sorption, and it prevents 
microbial growth on the resins which could negatively impact the flux measurements 
and concentrations obtained.  PFMs that were placed in high flux areas at the Rifle field 
site allowed for simple, reliable flux measurements due to homogeneity in the resin 
samples removed from the PFM; uranium passed through the whole PFM. At sampling 
locations where uranium fluxes were low the mass of extracted uranium was much 
more variable from small resin samples and therefore contributed to the error in the flux 
calculations.  When homogenization was incomplete, some of these small resin 
samples were taken from the upgradient side with more uranium and others were from 
the downgradient side with little, if any, uranium.  The best extraction method found for 
good reproducibility with sufficient sample size and minimal waste uses 40 mL of a 1% 
nitric acid solution and 4 grams of resin.  This finding will be useful in future PFM 
applications to quantify uranium mass contaminant fluxes in groundwater.   
Results from an initial field experiment demonstrated that calculated flux-
averaged uranium concentrations compared well with measured aqueous uranium 
concentrations under field conditions, which provided positive validation for use of ion 
exchange resins for quantifying uranium flux. Ultimately, these flux measurements will 
provide insight into the mobility of uranium and effectiveness of current remediation 





ARSENIC GEOCHEMISTRY IN A BIOSTIMULATED AQUIFER: 
A SPECIATION STUDY 
Modified from a paper accepted by Environmental Chemistry and Toxicology1 
Valerie K. Stucker2, Kenneth H. Williams3, Mark J. Robbins3 and James F. Ranville4 
3.1 Abstract 
Stimulating microbial growth through the use of acetate injection wells at the 
former uranium mill site in Rifle, CO has been shown to decrease dissolved uranium 
(VI) concentrations through bacterial reduction to immobile U(IV).  Bioreduction also 
changed the redox chemistry of site groundwater altering the mobility of several other 
redox sensitive elements present in the subsurface, including iron, sulfur, and arsenic.  
Following acetate amendment at the site, elevated concentrations of arsenic in 
groundwater were observed.  Ion chromatography coupled to inductively coupled 
plasma – mass spectrometry (IC-ICP-MS) was used to determine the aqueous arsenic 
speciation.  Upgradient samples, unexposed to acetate, showed low levels of arsenic 
(≈1 uM) with greater than 90% as arsenate (As V) and a small amount of arsenite (As 
III).  Downgradient acetate-stimulated water samples had much higher levels of arsenic 
(up to 8 uM), and four additional thioarsenic species were present under sulfate 
reducing conditions.  These thioarsenic species demonstrate a strong correlation 
between arsenic release and sulfide concentrations in groundwater and their formation 
may explain the elevated total arsenic concentrations.  An alternative approach, 
enhanced flushing of uranium, was accomplished by addition of bicarbonate, and did 
not result in highly-elevated arsenic concentrations. 
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Bioremediation has been a highly investigated strategy for decontaminating 
metal and organic pollutants (Alexander 1999, Iwamoto and Nasu 2001, Lovley 2003).  
Microbes can be effective at degrading organic contaminants into less harmful 
chemicals, thereby eliminating or reducing the negative impacts caused by the initial 
chemical.  In contrast, metals can only be altered into a form that is either immobile or 
biologically unavailable. Different redox species can have varying mobility, therefore 
providing electron donors or acceptors to a contaminated system can immobilize a 
selected contaminant. The chemical basis for the research reported herein involves 
changing the redox state of the metal contaminant, specifically uranium, and its 
unintended consequences on arsenic.  
At the former uranium mill site in Rifle, CO, multiple strategies are being 
investigated to remediate uranium groundwater contamination.  For over a decade, this 
site has been used to investigate strategies of uranium remediation as part of the 
Department of Energy’s Uranium Mill Tailings Remedial Action (UMTRA) project 
(Anderson et al. 2003, Chandler et al. 2006, Peacock et al. 2011).  Injection wells, 
installed several years prior to the experiment reported herein, were used to inject the 
remediation fluid into the contaminated area, as described for previous experiments 
(Anderson et al. 2003, Vrionis et al. 2005).  Upgradient and downgradient to these 
injection wells are both background and monitoring wells, respectively.  In one set of 
injection wells, acetate was added to act as a carbon and electron source to stimulate 
microbial growth and promote reduction of uranium (Anderson et al. 2003, Williams et 
al. 2011).  Redox chemistry is one of the main controlling factors in the mobility of 
groundwater uranium.  U(IV) easily forms insoluble oxide minerals, typically uraninite, 
UO2, with other solid phases possible (Sharp et al. 2009, Sharp et al. 2011).  Oxidized 
uranium (VI) forms the aqueous uranyl (UO2
2+) cation, which can bind to ligands, 
including carbonate, hydroxide, sulfate, humic substances, among others.  Uranium 
aqueous speciation depends on the pH and concentrations of ligands present in the 
system (Unsworth et al. 2002).  As an aqueous complex, uranium (VI) is more mobile 
than uranium (IV), so the reducing conditions created at Rifle, by adding acetate for 
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biostimulation, immobilize the uranium to insoluble forms, removing it from the 
groundwater.  The solid phases created by this biological reduction remain in the 
subsurface and are not extracted as part of the remediation scheme.  Reoxidation of 
U(IV) minerals will remobilize uranium if reducing conditions are not maintained. 
An alternative remediation technique being investigated at the Rifle site is 
bicarbonate flushing (Elless and Lee 1998).  Uranyl carbonate complexes are highly 
mobile and can be used to enhance rates of natural desorption of uranium from aquifer 
solids, leading in some cases to 75-90% removal (Mason et al. 1997).  Released 
uranium is flushed out to the Colorado River where it is diluted (estimated dilution factor 
of ca. 1:300,000) by the greater streamflow (U.S. DOE 1999). During this process, 
aqueous uranium concentrations are raised temporarily in the groundwater while the 
uranium is mobilized and flushed out of the contaminated area.  This strategy only 
moves the contaminant off site and introduces it into a new system, but dilutes it to a 
much lower overall concentration.  Both of these remedial methods focus on altering the 
mobility of uranium species, either by changes in redox and/or complexation states.  We 
report primarily on the experiments that examined the effects of manipulation of redox 
chemistry, which resulted in the alteration of the arsenic geochemistry. 
The goal of the 2011 experiment at Rifle was to promote sulfate reduction by 
reaching levels of acetate near 15 mM in the aquifer for a period >60 days.  A similar 
experiment run in 2008 produced very high levels of total arsenic (near 1000 µg/L) at 
the site (unpublished data, K.H. Williams, LBNL, Berkeley, CA, USA), prompting the 
present study of arsenic speciation.  The World Health Organization (WHO) and U.S. 
Environmental Protection Agency (EPA) have set the drinking water standard for total 
arsenic at 10 µg/L (Lievremont et al. 2009).  Initial analysis of Rifle sediments in 1999 
indicated the presence of 5.4 mg As /kg soil in the contaminated area (U.S. DOE 1999).   
As compared to uranium, the converse redox sensitive solubility behavior is true 
for iron and arsenic. Iron (III) oxides, such as hematite, goethite and ferrihydrite readily 
sorb As(V), to an extent which is dependent on pH and solution phase speciation 
(Nickson et al. 1998, Burnol et al. 2007).  The reductive dissolution of iron minerals 
releases sorbed As(V) (Xie et al. 2008, Burton et al. 2008), which can then be resorbed 
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to other minerals or be reduced to As(III).  In general, As(III) is considered less likely to 
sorb to a solid phase, and is therefore more mobile in the environment (Sharma and 
Sohn 2009); however, arsenic mineral solubility may play a role in addition to sorption.  
As we will show, remediating uranium through reductive immobilization may help to 
solve one problem, but it may introduce a new one by increasing the concentration of 
aqueous arsenic, which may pose a risk greater than or equal to the original uranium 
problem.   
Arsenic found in Rifle groundwater may not be due entirely to the reductive 
dissolution of iron or arsenic minerals.  Thioarsenic species have been seen in reduced 
natural and contaminated waters having high sulfide concentrations (Wallschlager and 
Stadey 2007, Hollibaugh et al. 2005, Stauder et al. 2005, Fisher et al. 2008), including 
surface and geothermal waters.  In Mono Lake, 15 mg/L total arsenic was observed, 
and 47% was attributed to thioarsenates (Wallschlager and Stadey 2007).  
Measurements in geothermal waters with varying pH indicated that higher sulfide 
concentration (up to 4.5 mg/L) and higher pH (8 or 9 compared to 2-5) led to a greater 
percentage of thioarsenates (Planer-Friedrich et al. 2007a), with up to 83% of arsenic 
observed as thioarsenates.  This same study showed the highest observed arsenic 
concentration (1.4 mg/L) occurred at pH 9 with mostly trithioarsenate being present.  
Trithioarsenate was the dominant species from pH 6-9.  Monothioarsenate dominated 
speciation at a pH of 2, with a relative maximum of arsenic concentration reaching 1.1 
mg/L.  Mineral springs with high iron concentrations (1.3-20 mg/L) and lower sulfide 
concentrations (0.1-0.5 mg/L), and with total arsenic ranging from 75-250 µg/L had 
thioarsenates from 5-17% of the total species (Suess et al. 2011).  Groundwater 
contaminated with sulfurous acid has been investigated for thioarsenates (Stauder et al. 
2005).  Total arsenic concentrations were around 2 mg/L and sulfide ranged from 7.6-11 
mg/L with pH at 6.8.  Similar to the findings of Planer-Friedrich et al. (2010), at this pH, 
trithioarsenate was the dominant species.   
Numerous mechanisms have been proposed for the formation of thioarsenates.  
The possibilities are based on the source of sulfur.  Presented below are the commonly 
proposed reactions to form monothioarsenate.  Further sulfidization/thiolation will result 
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in the other thioarsenates.  If reduced sulfur in the form of sulfide is added to arsenate 
or arsenite, thioarsenate (equation 3.1) or thioarsenite (equation 3.2) can form (Helz 
and Tossell 2008) as shown.  
 H3AsO4 + H2S → H3AsO3S + H2O       (3.1) 
 H3AsO3 + H2S → H3AsO2S + H2O       (3.2) 
Elemental sulfur has recently been shown to play a major role in the formation of 
thioarsenates (Couture and Van Cappellen 2011).  Elemental sulfur can oxidize arsenite 
to arsenate and form thioarsenate with the sulfide produced from the redox reaction.  
One of these two mechanisms is likely responsible for the release in arsenic at the Rifle, 
CO field site.  Another mechanism is the dissolution of orpiment under strongly basic 
conditions by the following reaction (Darban et al. 2012). 
 As2S3 + 10OH
- → AsO2S2
3- + AsO3S
3- + 5H2O + 4e
-    (3.3) 
This mechanism is rather unlikely at our site because the groundwater pH is in the 
range of 7 to 8. 
Ion chromatography - inductively coupled plasma – mass spectrometry (IC-ICP-
MS) (Wallschlager and Stadey 2007, Planer-Friedrich et al. 2007a, Fisher et al. 2008), 
Raman spectroscopy (Helz et al. 1995), ion chromatography - hydride generation ICP-
MS, (IC-HG-ICP-MS) (Rochette et al. 2000), and hydride generation fluorescence 
spectrometry (Jay et al. 2004) have all been used to study thioarsenic species in 
laboratory-prepared solutions and field collected samples.  Most methods rely on anion 
exchange chromatography (Wallschlager and Stadey 2007) to separate the arsenic 
species before using some detection method such as ICP-MS, HG fluorescence 
spectrometry, etc.,  and can be used for quantification of both arsenic and sulfur 
(Wallschlager and Stadey 2007), or arsenic alone (Jay et al. 2004).  For direct 
identification of the various complexes, electrospray ionization mass spectrometry (ESI-
MS) (Wallschlager and Stadey 2007) and solid spectroscopic methods, such as XANES 
and EXAFS (Helz et al. 1995), have been used.  Both methods require a substantial 
mass of arsenic, which for most environmental samples can be difficult to achieve.  
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Here, we report the results of a study using IC-ICP-MS to identify and quantify six 
aqueous forms of arsenic: arsenite, arsenate, monothioarsenate, dithioarsenate, 
trithioarsenate and tetrathioarsenate.  Identifications were made from matching the 
retention times of each species to prepared standards.  In addition to the arsenic 
speciation results, we present the groundwater concentrations of the constituents 
important in establishing the observed arsenic species. Data collected throughout the 
course of the acetate injection are presented. 
There has been an ongoing debate about the oxidation state of thioarsenic 
species in reduced waters.  The literature provides examples of both thioarsenites (Jay 
et al. 2004, Wilkin et al. 2003) and thioarsenates (Wallschlager and Stadey 2007, 
Planer-Friedrich et al. 2007a) as important aqueous species.  Some studies suggest 
that differing speciation results can be obtained depending on the methods used.  
Chromatography-based methods have suggested thioarsenates whereas x-ray 
absorption spectroscopy (XAS) methods suggest thioarsenites (Planer-Friedrich et al. 
2010, Beak et al. 2008b).  Planer-Friedrich et. al. (2010) mixed arsenite and sodium 
sulfide in an anaerobic chamber, and applied x-ray absorption near-edge spectroscopy 
(XANES) and extended x-ray absorption fine structure (EXAFS) under strictly anoxic 
conditions.  Their results suggested they made thioarsenites. Examining the same 
sample by IC-ICP-MS, the results were dependant on how rigorously they maintained 
anoxic conditions.  Keeping the entire system, including the IC, in a glove box, the 
chromatography method revealed no arsenate species.  However, they also concluded 
that thioarsenites, if present as suggested by the XAS results, were not resolved from 
the arsenite peak.  When applying the IC-ICP-MS method outside a glove box, the 
sample was oxidized in the process and thioarsenate peaks were observed.  They 
concluded that thioarsenites are very easily converted to thioarsenates by exposure to 
small amounts of oxygen during the IC analysis.   
The goal of the present study was to further elucidate the processes that result in 
elevated arsenic levels during acetate biostimulation.  The formation of thioarsenic 
species likely contributes to the overall arsenic levels present in the biostimulated 
groundwater.  Although a number of studies, described previously, have observed 
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thioarsenates in sulfidic waters, the more recent suggestion of extreme sensitivity of 
thioarsenite species to minute amounts of oxygen make unambiguous determination of 
thioarsenic speciation in groundwater difficult (Planer-Friedrich et al. 2010).  First, 
complete elimination of oxygen during sampling is difficult and could likely make further 
attempts at performing XAS or IC-ICP-MS analyses under anoxic conditions ineffective.  
Groundwater arsenic concentrations are generally too low for XAS measurements and 
performing IC-ICP-MS analyses within a glove box is experimentally problematic.  
Although the IC-ICP-MS method used in the present study was capable of determining 
arsenite, arsenate, and thioarsenates, the latter species could also have been originally 
at least partly present as thioarsenites in the groundwater.  Despite this limitation, the 
ability to report on the concentration of thio- and non-thio arsenic species advances our 
understanding of the influence of biostimulation on affecting arsenic mobility.   
3.3 Methods 
3.3.1 Sample collection  
Samples were collected from upgradient (CU-01) and downgradient (CD-01) 
wells during biostimulation experiments performed in 2011 (Figure 3.1). Acetate 
addition, in the form of sodium acetate, was maintained from August 23 to November 3 
as described in Williams et al. (2011).  High concentrations of acetate (15 mM) were 
reached in situ in well CD-01 beginning in early September.  The aim was to pass 
through iron (III) reducing conditions and reach sulfate reduction.  To compare 
strategies for uranium remediation (immobilization vs. flushing), a second injection 
gallery used bicarbonate additions from August 31 to December 2.  These wells served 
as additional samples to investigate the effects on arsenic geochemistry.  From this set, 
we sampled well CD-14 (circled red in bicarbonate area in figure 3.1).   
Two samples were taken from the downgradient wells (CD-01 and CD-14) once 
a week in these areas and once a month in upgradient well (CU-01) from late August 
2011 through January 2012.  Whole, unfiltered water samples were retrieved from pre-
existing experimental groundwater wells using a peristaltic pump, with efforts to 
minimize contact with oxygen.  After a 12 liter purge of the well, two splits were 
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collected into 15 mL centrifuge tubes from each well sampled for each time point, one 
for speciation analysis and one for total contaminant concentrations.  Sample tubes 
were filled to overflowing, again in an attempt to reduce possible oxygen contamination. 
.  
Figure  3.1. Map of Rifle background, injection and monitoring wells. Samples were 
collected from CU01 for background, CD01 for monitoring acetate injections and CD14 
for monitoring bicarbonate injections. 
3.3.2 Sample preservation 
Samples were immediately flash frozen in liquid nitrogen at the well, before being 
stored in a -80°C freezer on site.  Flash freezing was deemed to be the best 
preservation method for these samples and conditions.  Acid addition to samples for 
preservation has been shown to alter arsenic speciation in sulfidic samples (Samanta 
and Clifford 2006). Arsenic samples with high iron concentration require the addition of 
EDTA  (Bednar et al. 2002), which could also alter As speciation.  Freezing and thawing 
thioarsenate samples with high concentrations of iron (1.3- 66 mg/L) have been shown 
to alter speciation (Suess et al. 2011); however, the concentrations of iron in Rifle 
samples were lower (average 1 mg/L and max 3 mg/L). Furthermore sulfide 
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concentrations were higher in our samples (average 2.3 mg/L compared to 0.07 to 0.53 
mg/L (Suess et al. 2011)).  Both these factors suggest that flash freezing would not alter 
arsenic speciation.  The samples were shipped on dry ice and stored in a -80°C freezer 
in the laboratory.  At the time of analysis, the samples were moved into room 
temperature water baths, set up in a glove box with a 95% nitrogen and 5% hydrogen 
atmosphere, and allowed to thaw.  The samples were analyzed within minutes of 
thawing by IC-ICP-MS.   No more than two samples were taken out of the glove box at 
a time to minimize oxygen exposure and possible oxidation prior to speciation analysis.  
Samples were also run without dilution to prevent any changes in speciation (Beak et al. 
2008b). 
3.3.3 Standards preparation 
Individual aqueous arsenite and arsenate standards were made from their 
respective reagent-grade sodium salts (Fisher Scientific), sodium meta arsenite, 
NaAsO2, and hydrated sodium arsenate, NaH2AsO4·H2O.  Initial standards of 100 mg/L 
arsenic were prepared in deionized water (>18 megohm-cm) and further diluted to 100 
µg/L arsenic. Additional concentrations were prepared as deemed necessary to bracket 
the samples analyzed, usually including a 50 and 500 µg/L standard.   
The thioarsenic species provided a greater challenge for standard preparation.  
Since there are no commercially available solid thioarsenic standards at this time, they 
were prepared in the laboratory.  Heating As(III) oxide (99.97%, J.T. Baker), sodium 
hydroxide (ACS grade, Mallinckrodt) and elemental sulfur (99.999+%, Asarco) 
suspended in water was used to create monothioarsenate (Schwedt and Rieckhoff 
1996).  The dithioarsenate synthesis (Schwedt and Rieckhoff 1996) was unsuccessful in 
our lab, but the compound was found as a byproduct of the other synthesized 
thioarsenate standards and in the aqueous standard described below. The 
tetrathioarsenate standard (obtained from Wallschlager laboratory, Trent University, 
Peterborough, Ontario, Canada) was synthesized from As2S5, sodium hydroxide and 
sodium sulfide, following the procedure outlined in Suess et al. (2009a). This was 
dissolved and maintained at pH 12 for the aqueous standard.   There are no direct 
synthesis procedures in the literature for creating solid trithioarsenate.   However, it can 
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be formed in solution by dissolving the tetrathioarsenate standard in neutral pH water 
(Suess et al. 2009a).  In addition, a solution containing only 300 µg/L arsenite and 1500 
µg/L sulfide was prepared.  In the presence of oxygen, this mixture reacts to form all of 
the thioarsenates and allowed peak matching of the retention times to solutions of the 
solid standards, including the dithioarsenate “impurity” in the tetrathioarsenate solid 
standard.  Since the lab-synthesized thioarsenate standards have uncertain levels of 
hydration and % yields, concentrations were determined relative to the peak areas of 
the arsenate and arsenite standards of known concentrations.   
3.3.4 IC-ICP-MS analysis 
Thioarsenate separation and speciation have been studied previously using IC-
ICP-MS, and the method used in this study was adapted from Wallschlager et al. 
(Wallschlager and Stadey 2007).  The original method was modified to shorten the total 
run time while still achieving good peak resolution.  A Dionex AG-16 guard column 
(4x50 mm) was placed in front of an AS-16 analytical column (4x250 mm) inside a 
Dionex LC20 Chromatography Enclosure.  A 6-port injection valve (Rheodyne) was 
used directly before the column to introduce the sample through a 50-uL user-made 
PEEK (polyetheretherketone) sample loop.  A Dionex GP-40 gradient pump was used 
to pump deoxygenated water and 100 mM sodium hydroxide (Mallinckrodt, ACS grade) 
eluent through the column as the mobile phase.  Nitrogen gas, with a steady over-
pressure of 7 psi, was used to pressurize the eluent bottles.  A constant NaOH 
concentration of 40 mM, delivered at 1.2 mL/min, was used for the first 5 minutes of 
each run.  A linear increase in concentration to 100 mM was used for minutes 5-12, 
which was then maintained through 18 minutes before returning to 40 mM for 2-3 
minutes prior to analyzing the next sample.  Manual injections were made without the 
use of an autosampler to limit possible oxidation.  Each analytical run was 1000 
seconds with detection by ICP-MS.  The final species (tetrathioarsenate) eluted around 
900 seconds.  The column effluent passed through a Dionex ASRS 300 suppressor to 
eliminate salting of the ICP-MS.  Deionized water delivered by a separate HPLC pump 
(Alltech) entered the suppressor at 3 mL/min.  Sodium ions cross a membrane directing 
them to waste and are replaced in the carrier by hydronium ions, neutralizing the 
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solution entering the ICP-MS.  Data were collected using a Perkin Elmer NexION 300q.  
A time-resolved mode of operation was used for detection of arsenic.  Data collection 
began as soon as the sample is injected into the IC.  This allows for collection of 
background data prior to the analytes.  Mass to charge ratios (m/z) of 75, 77 and 48 
were monitored.  Arsenic has a single isotope of 75, and by monitoring mass 77, to 
detect 40Ar37Cl we could determine if any of the m/z 75 signal is due to 40Ar35Cl.  Initial 
separation of the various analytes through the IC column actually makes this correction 
unnecessary, since the chloride does not co-elute with the arsenic species.  Mass 48 
was examined for the SO+ peak as there are many interferences possible at mass 32, 
the most abundant sulfur isotope mass.  Mass 48 also has interferences, but it was 
used by other groups as a potential way to measure the sulfur peak by adding oxygen 
gas into a reaction cell and increasing the SO signal.  Without the reaction cell, 
however, the m/z = 48 background was too high and it was difficult to distinguish peaks 
from it at environmental concentrations.  Only in the prepared standards containing high 
concentration of thioarsenates was a distinguishable m/z = 48 signal present. Therefore, 
As:S ratios using this method were not possible, and peak identifications were made 
based on matching retention times with prepared standards.  Readings were taken 
approximately every second and a dwell time of 500 ms was used for As, and 250 ms 
for ArCl37 and SO.  
3.3.5 Groundwater chemistry analysis 
Samples for anion analysis were filtered (PTFE; 0.2 µm) and refrigerated until 
analysis.  Acetate, bromide, chloride, and sulfate were measured using an ion 
chromatograph (ICS-1000, Dionex, CA) equipped with an AS-22 column.  Samples for 
cation analysis were filtered and preserved with trace metal grade 12N HNO3, with 
concentrations determined using inductively coupled plasma mass spectrometry (Elan 
DRCII ICP-MS, Perkin Elmer).  Triplicate analyses were performed, and relative 
standard deviations were less than 5%.  Fe(II) and dissolved sulfide concentrations 
were determined immediately upon sampling using the 1,10-phenanthroline and 
methylene blue colorimetric methods, respectively (Hach Company).  Values for pH and 
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electrical conductivity were determined using calibrated probes and meter (Orion 4 Star 
Plus, Thermo Scientific).  
3.3.6 Data analysis 
Quantification of arsenic species was done using OriginPro 8.1.  The peak 
analysis tool “Integrate Peaks” was used to quantify the area of each peak, and then the 
concentration of the sample was calculated based on the area and concentration ratios 
of the standards.   
3.3.7 Quality control  
At the beginning of every analytical run, four standards of As (III) and (V) were 
run separately and as a mixture for peak calibration.  Two standards (one of each 
arsenate and arsenite separately) were also run every eight samples and at the end of 
each set of samples to ensure consistency in peak areas to be less than a 10% change 
and retention times within the presented values.  These checks also verified there were 
no contamination peaks and assured no changes in oxidation state had occurred in the 
prepared arsenite and arsenate standards, due to either bench top or on-column 
oxidation or reduction.  NIST standard 1643e (58.98 µg As/kg) was used to verify 
performance and total arsenic concentrations of all standards. 
Each sample and standard was run in duplicate in sequence.  Replicate samples 
were checked for consistency in total arsenic (within 5% replicate analyses) and a lack 
of change in the speciation (<10% difference for each of the major species).  In addition 
to analyzing laboratory and field samples, Rifle groundwater samples were spiked with 
As (III), As(V) and the mono- and tetra-thioarsenate samples.  These additions were 
performed to confirm the retention times and recoveries for arsenic species in the 
groundwater matrix.  Monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) 
(analytical standard grade, Supelco) were examined as well and were never observed 
in groundwater samples. 
Thirty splits of an unfiltered sample containing 415 µg/L total arsenic, taken 4 
Nov 2011, from CD01 and stored at -80 C, was used as a check standard to evaluate 
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both analytical/ chromatographic consistency over the course of the study and the 
chosen preservation method.  This sample was analyzed with each analysis and 
contained arsenite, arsenate, mono-, di-, and trithioarsenate.  There were no observed 
speciation changes over the experiment duration, within the experimental error of ±10%. 
Total arsenic concentrations remained constant within ±5%.  Measurements supported 
the assumption that the flash freezing approach was effective in maintaining speciation 
in this laboratory standard over the duration of the storage and analysis.   
Quantification of the various arsenic species concentrations was based on the 
average of signals obtained from arsenite and arsenate, since the thioarsenate 
standards were not pure (Wallschlager and Stadey 2007, Suess et al. 2011, Cornelia 
and Britta 2012b).  To verify the concentrations obtained using this IC-ICP-MS method, 
inductively coupled plasma atomic emission spectroscopy, ICP-AES, (Perkin Elmer 
5300DV) was used to measure the total arsenic concentrations.  This was useful in 
determining the accuracy of our data processing and the method of quantifying 
thioarsenates based on the signal obtained from arsenite and arsenate.  Total arsenic 
values obtained from ICP-AES helped to assess the recovery of arsenic from our 
system, including the column and the suppressor.  The recoveries of total arsenic from 
the column averaged 92±18%.  
3.4 Results and Discussion 
3.4.1 Chromatography and species identification 
The first two peaks to elute were identified as arsenite and arsenate (Figure 3.2).  
Arsenite, As (III), elutes immediately after the void peak and is not well-retained in the 
column.  This peak is detected at an average retention time of 155 ± 2 seconds 
following sample injection.  Arsenate, As (V) elutes at an average time of 307 ± 17 
seconds.  This uncertainty in retention time is the highest of any of the peaks, with 
matrix effects likely to be the most significant factor.  Higher ionic strength matrices 
were shown to lead to the As (V) peak eluting later and having a wider base.  Column 
cleaning according to manufacturer recommendations helped restore As (V) retention 
times to their original values.  All retention times presented are the averages and 
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associated total variations from all runs and samples used to obtain the data presented 
within.  Using the same method with a new AG/AS-16 column near the end of the study 
gave slightly longer retention times for all peaks (Figure 3.3).  Spiking a Rifle sample 
with standards of sodium salts of arsenite and arsenate had recoveries of 102±2 and 
88±7%, respectively. Lab-synthesized monothioarsenate matched the third peak with a 
retention time of 500 ± 16 seconds (Figure 3.2).  Due to impurities and variable 
degradation of the thioarsenates standards, only rough calculations for recoveries were 
made for each thioarsenate species, but all recoveries were within the range of the pure 
standards presented above.  Average retention times of the di- (668 ± 7s), tri- (791 ± 
7s), and tetrathioarsenate (881 ± 5s) standards matched the final three peaks (Figure 
3.2).  Figure 3.3 shows chromatograms for the standards and the Rifle check sample 
(CD-01) obtained with a new column.   
3.4.2 Arsenic speciation during groundwater biostimulation 
During the 2011 experiment, changes in the arsenic concentration and speciation 
were minimal in the upgradient well (CU 01).  The average concentrations were 1.0 ± 
0.2 uM (75 ± 15 µg/L) arsenic, and the speciation was consistently 90% or more 
arsenate, with a small amount of arsenite present and no other arsenic species (data 
not shown).  The redox status of upgradient groundwater was largely microaerophilic, 
as evidenced by elevated Mn, low levels of Fe(II), and no detectable aqueous sulfide.  
These results provide a constant background to compare to the changes occurring in 
downgradient samples that were exposed to reducing conditions. 
The concentrations of acetate, iron (II), sulfate and aqueous sulfide in one of the 
downgradient wells (CD01) are shown in Figure 3.4.  CD01 is located 2.5 meters 
downgradient from the injection gallery (Figure 3.1). Iron (III) reduction began in late 
August 2011 as the acetate reached the well, as evidenced by an increase in iron (II) 
concentrations.  Sulfate reduction began near the end of September as evidenced by a 
decrease in sulfate concentrations and increase in sulfide. Chromatograms, presented 
in Figure 3.5, correspond to different points in time and consequently at different stages 
of reduction.  The two time points shown in Figure 3.5 are for September 21, which 
corresponds to the early onset of sulfate reduction, and October 5, which is well into 
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sulfate reduction.  With some sulfide present on September 21(85 uM), the 
thioarsenates begin to appear.  As the sulfate is almost fully reduced to sulfide, the 
thioarsenates dominate the arsenic speciation, with trithioarsenate contributing to the 
highest percentage of the total aqueous arsenic concentration.  This finding is similar to 
the results of others on contaminated groundwater (Stauder et al. 2005), even though 
the highest arsenic concentrations at Rifle are less than half the values seen in their 
study.  The increase in total arsenic (sum of measured arsenic species) is represented 
in Figure 3.6 which shows the changes in arsenic speciation as a function of time.  The 
increases in total arsenic concentration are concurrent with sulfate reduction and the 
production of aqueous sulfide and thioarsenates.   
 
Figure 3.2. Chromatograms and retention times for standards using m/z=75 for arsenic.  
A) Arsenate and B) arsenite standards were prepared from pure materials (presented 
on shortened scales), C) arsenite, arsenate and monothioarsenate prepared from the 
solid monothioarsenate standard.  This standard was used for locating the 
monothioarsenate retention time and ensuring good resolution of the first three peaks. A 
small dithioarsenate peak is also present with a very small yield from the 
monothioarsenate synthesis. D) The tetrathioarsenate standard, upon dissolution at 
near neutral pH had mostly trithioarsenate present. An arsenite peak is also seen at this 




Figure 3.3. The chromatogram (m/z=75 for arsenic) of the CD01 sample used for quality 
control during every sample run and is plotted along with a solution of all thioarsenates 
prepared by addition of sodium sulfide to sodium arsenite.  These retention times are all 
slightly longer than those shown in figure 3.2 due to the new column used. 
Figure 3.4. Concentrations of (a) acetate, (b) pH, (c) uranium, (d) total arsenic, (e) 
sulfate, (f) total aqueous sulfide, (g) Fe(II) and (h) manganese over time in 
downgradient well CD01 during the 2011 biostimulation experiment.  As acetate is 
added for reductive immobilization of uranium, arsenic is released that does not 
correlate with reductive dissolution of iron (III).  Arsenic release does correlate with 





Figure 3.5. Example chromatograms from CD01.  The arsenic (m/z = 75) signal is 
shown for all chromatograms. (a) is September 21 at the onset of sulfate reduction and 
(b) is October 5 in the middle of sulfate reduction with a higher sulfide concentration. 






















































Figure 3.6. Changes in arsenic speciation downgradient (well CD01) over time during 
biostimulation.  
As mentioned previously, the increase in arsenic is seen to correlate more with 
sulfate reducing conditions than with iron reducing conditions.  Correlations of the CD01 
data, performed using Sigma XL statistical analysis, indicated a moderate negative 
relationship of total arsenic to ferrous iron, with R=-0.62 (p<0.04).  A strong positive 
relationship is expected if arsenic was related solely to reductive dissolution of iron, 
which is not the case.  A stronger relationship is seen with the increase in total arsenic 
and the decrease in sulfate, with R=-0.9007 (p<0.0002).  The arsenic/sulfate 
relationship is provided rather than arsenic/sulfide due to the likely precipitation of iron 





































Figure 3.7. Reduced sulfur species over the course of biostimulation.  Trithioarsenate 
concentrations, which have a large effect on the total arsenic concentration, track well 
with the sulfide and thiosulfate concentrations.
As can be seen in Figures
concentration occurring in the November 4 sample.  When there are fewer 
thioarsenates, particularly trithioarsenate, the total arsenic drops.  This dip corresponds 
with a similar dip in the sulfide
With less sulfide in solution, thioarsenates are not formed, and total arsenic 
concentration is not as high.  This dip does not correspond with the dip in acetate in 
October, which was due to an a
is not known, but clearly demonstrates the relationships between total arsenic, sulfide, 
and thioarsenic species. 
As acetate amendment ends and concentrations fall below levels of detection 
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more oxidized groundwaters into the treatment zone, as evidenced by the increase in 
sulfate concentrations and decrease in ferrous iron.  Accompanying the rebound in 
redox status, arsenic concentrations return to lower levels and arsenic speciation 
changes (Fig. 5).  Arsenite concentrations also increase as the system reoxidizes.  One 
possible explanation for this is that arsenite is an intermediate of thioarsenates as they 
degrade to arsenate.  The reverse trend is seen early in the biostimulation, with the 
appearance of arsenite before the thioarsenates.  An alternative, and perhaps more 
likely, explanation may be that thioarsenites are in fact the dominant thioarsenic species 
in the groundwater, and the thioarsenates are an artifact of the IC-ICP-MS analysis.  
The observed increase in arsenite following reoxidation thus represents the 
decomposition of the thioarsenites at lower sulfide concentrations. The reoxidation of 
the groundwater appears incomplete, as implied by the iron (II) concentrations.   
There are three small, additional peaks present in some of the more reduced 
samples.  These minor peaks offer negligible amounts of arsenic compared to the total 
of the six species presented; however, they elute at consistent times in more reduced 
samples and are never present in oxidized samples or standards.  These peaks were 
unidentified in our analyses due to the minimal amount available for identification, and a 
lack of standards with matching retention times.  MMA and DMA standards did not 
match; however, these species could be methylated thioarsenates (Wallschlager and 
London 2008).  
3.4.3 Implications for aquifer biostimulation 
Investigating arsenic concentrations and speciation in both the acetate and 
bicarbonate addition areas allowed for a comparison of the remediation techniques 
under study in Rifle, CO.  To minimize arsenic release as well as remove uranium from 
the field site, bicarbonate flushing may prove to be a better strategy than the 
biostimulation approach. Samples collected from the downgradient area of bicarbonate 
addition show only minor arsenic increases, from a background average near 50 µg/L to 
100 µg/L in aqueous arsenic concentrations.  In the acetate area, concentrations rose 
from 50 µg/L to 600 µg/L.  As expected, with no production of sulfide, there are no 
thioarsenic species present in this well (CD14).  Both arsenate and arsenite are 
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observed in relatively equal amounts when the minor increase in arsenic is seen.  This 
area, sampled at well CD14, was used as an acetate injection zone in 2010.  The 
current hypothesis for the observation of increased arsenite is that it was formed during 
the previous biostimulation, sorbed to the minerals and then released by the 
bicarbonate flushing through an ion exchange mechanism. 
3.5 Conclusions 
Biostimulation used for immobilization of uranium produces high concentrations 
of arsenic and a dominance of thioarsenic species when sulfate reduction is reached.  
Due to the high sulfide concentrations produced using biostimulation, arsenic speciation 
in this groundwater resembles that seen for geothermal water and Mono Lake 
(Hollibaugh et al. 2005).  These results suggest that the driving factor for thioarsenic 
production is the presence of sulfide in an arsenic contaminated area, and it depends 
little on the total arsenic concentration, since our concentrations were lower than 
previously published data for thioarsenates.  Due to sampling and analytical limitations, 
these thioarsenates could have been thioarsenites in the groundwater.  Further efforts 
should be made in applying truly anoxic sampling and IC-ICP-MS analysis to answer 
the question of in-situ arsenic speciation.  Despite the current inability to determine the 
oxidation state with certainty, the species measured do represent thioarsenic species, 
and thus demonstrate the importance of arsenic thiolation in mobilizing arsenic.  
Alternative uranium remediation techniques, such as bicarbonate flushing to enhance 
desorption, provide methods to decrease the aquifer uranium inventory without the 
negative impact on arsenic contamination.  If biostimulation is determined to be the best 
technique for addressing uranium contamination, at Rifle or other contaminated sites, 
the arsenic problem will need to be considered.  Iron reduction has been shown to be 
efficient for uranium immobilization elsewhere (Yabusaki et al. 2007) and does not 
appear to highly elevate arsenic.  Unfortunately, repeated studies at the site have 
indicated that indefinite maintenance of iron reducing conditions is intractable due to the 
eventual onset of sulfate reduction, and with it, diversion of electrons away from iron 
reduction and a corresponding decrease in the efficiency of uranium removal from 





MECHANISMS OF THIOARSENIC FORMATION AND RELEASE  
AND IMPLICATIONS FOR ANALYSIS 
4.1 Introduction 
 Arsenic is a major contaminant in many areas around the globe, and efficiently 
remediating contaminated areas is a worldwide goal (Chand et al. 2011, Paul 2004, 
Bech et al. 1997, Wang and Mulligan 2006).  The World Health Organization (WHO) 
and Environmental Protection Agency (EPA) have set the drinking water standard of 
arsenic at 10 µg/L, or 10 ppb (Oehmen et al. 2011).  Meeting these standards will 
require several different remedial approaches depending on the biogeochemistry of the 
contaminated areas.  Water chemistry, biology and hydrological parameters all factor 
into choosing the best strategy of remediation.  Redox chemistry, in particular, needs to 
be considered.  In some areas, such as the contaminated site in Rifle, Colorado, USA, 
arsenic concentrations have increased several fold after the system reached sulfate 
reduction, contributing to a higher increase than the reductive dissolution of iron (III) 
oxides and associated arsenic release (Stucker et al. 2013).  Aqueous arsenic-sulfur 
compounds, or thioarsenic species, have recently been considered to be important 
arsenic species in reduced waters, often contributing a greater concentration than the 
As-O compounds.  Reduced As(III)-S-(O) compounds, called thioarsenites, and 
oxidized As(V)-S-(O) compounds, thioarsenates, have been observed in the laboratory 
and field (Planer-Friedrich et al. 2010, Wallschlager et al. 2007). 
 Thermodynamic modeling has suggested that the major species in groundwater 
systems are tetrathioarsenate at typical environmental pH from 6-9, trithioarsenate and 
arsenite at acidic pH, and monothioarsenate at higher pH (Couture and Van Cappellen 
2011).  The specifics of speciation and pH depend on the redox couple used for 
modeling, either sulfate and sulfide, or elemental sulfur and sulfide.  In most field 
studies, however, the major species observed were trithioarsenate at near neutral pH, 
and samples from acidic sites showed monothioarsenate (Planer-Friedrich et al. 2007b, 
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Stauder et al. 2005).  Despite the growing collection of environmental data, there are 
still few studies on modeling and understanding the mechanisms of thioarsenate 
formation and release. 
 Thioarsenates and thioarsenites have been synthesized in the laboratory by 
other groups using a few different mechanisms.  Individual syntheses of the 
thioarsenates as solid forms are presented by Schwedt et al. (1996).  There is no listed 
procedure for trithioarsenate, only that it can be found as a byproduct of the other 
synthesized compounds.  While these procedures lead to higher purity compounds than 
some of the others, the high temperatures and strong alkaline nature of the syntheses 
do not make them likely mechanisms for natural formation of thioarsenate species.  
Also, these syntheses do not always yield the desired product, as in the case of 
tetrathioarsenate (Suess et al. 2009, Stucker et al. 2013).  Thioarsenite species have 
been created in the lab using arsenite and sulfide (Stauder et al. 2005, Planer-Friedrich 
et al. 2010).  Both of these species are present in reduced, natural and contaminated 
waters, allowing for a more likely natural synthesis.  Higher concentrations of sulfide are 
predicted to favor higher sulfidization of arsenite until precipitates are formed (Rochette 
et al. 2000).  Orpiment dissolution under alkaline conditions (Darban et al. 2012) is also 
a possibility for waters with a higher pH.  Due to the strong presence of aqueous 
thioarsenate compounds, no clear mechanism for the formation of these species in 
groundwater is known. 
 Accurately preserving and analyzing thioarsenites has been a topic of a recent 
debate in the literature.  Initial studies speculated that aqueous As-S species found in 
reduced waters were thioarsenites (Jay et al. 2004, Rader et al. 2004, Helz et al. 1995).  
Separation of thioarsenic compounds has been done mostly using ion chromatography 
with high pH solutions, typically around pH 12 or 13.  These results yielded a 
dominance of thioarsenates in the environment (Wallschlager and Stadey 2007, Planer-
Friedrich et al. 2007a).  However, the IC methods and conditions can degrade 
thioarsenites, possibly contributing to an inaccurate understanding of the correct 
speciation (Suess et al. 2009a, Suess et al. 2009b).  Thioarsenite was synthesized by 
Planer-Friedrich et al. (2010) and confirmed by XAS methods.  This solution was made 
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with a 1:10 arsenite to sulfide ratio.  Under anaerobic conditions, thioarsenite eluted 
near, but slightly later than, the original arsenite peak.  Spiking this solution with 
arsenite only gave one peak, the one matching thioarsenite.  When oxygen was 
present, the thioarsenite quickly oxidized and all four thioarsenates were present in the 
IC chromatogram.  The conclusions of this study were that thioarsenite elutes with 
arsenite under anaerobic conditions and oxidize to thioarsenates under aerobic 
conditions and elute much later than arsenite or arsenate (Planer-Friedrich et al. 2010).  
Water samples analyzed by IC-ICP-MS methods in the past could be affected by these 
findings, specifically with the presentation of thioarsenates.  Sampling and preserving 
environmental waters entirely free of oxygen can be difficult.  However, despite 
uncertainty in the oxidation state of the arsenic, the species found and analyzed by 
these methods are thioarsenics.  No standard sampling and analytical procedures exist 
yet for accurately identifying and separating thioarsenites from thioarsenates in 
environmental samples 
 Sorption of arsenate and arsenite on many minerals and sediments has been 
investigated previously (Burnol et al. 2007, Jang and Dempsey 2008, Jönsson and 
Sherman 2008).  In general, arsenate has been shown to sorb more strongly and 
readily to sediments than arsenite (Sharma and Sohn 2009) at environmentally relevant 
concentrations.  Different materials and water chemistry conditions can lead to 
deviations in this trend.  Phosphate can compete with arsenate in the water for sorption 
sites and decreases the arsenate sorption (Antelo et al. 2005).  Arsenite has been 
shown to sorb more strongly to goethite and hydrous iron oxides at a pH above 7 (Dixit 
and Hering 2003), common for groundwater.  To our knowledge, there has been no 
work investigating the sorption and desorption of thioarsenic species, which could 
contribute insight into the release of thioarsenic species and total arsenic in 
environmental systems. 
4.2 Methods 
 Several experiments were conducted to understand the nature of thioarsenite 
and thioarsenate formation, with a focus on imitating likely field conditions.  Sources of 
arsenic and sulfur were both considered, along with the effects of pH, iron, microbes 
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and carbon.  The goal was to understand how these species could form in groundwater 
and what implications there are for analytical methods if further reactions take place on 
the IC column.  This work aims to shed light on the chemistry of thioarsenic species in 
the environment, specifically how they form and are released, and how to effectively 
measure and analyze them.  Syntheses of thioarsenic species, both thioarsenates and 
thioarsenites, are investigated in the laboratory under environmentally relevant 
conditions.  Thioarsenic species were also examined for sorption and desorption 
properties to model sediments.  Accurate measurement and identification of these 
species still presents a challenge, but those challenges have been identified and insight 
is given into future directions for improvement. 
4.2.1 Formation experiments 
 To determine how thioarsenic species form in the groundwater, conditions and 
chemical components were investigated for reactions resulting in thioarsenate and 
thioarsenite.  Different sources of arsenic, sulfur, iron and carbon were investigated.  
Due to the high microbial activity levels in the biostimulated aquifer in Rifle, Colorado, 
the most prominent bacteria, Geobacter metallireducens and Shewanella oneidensis 
were also investigated. 
4.2.1.1 Solutions and chemicals 
 Solutions of arsenate (reagent grade, Baker) and arsenite (reagent grade, Fisher 
Scientific) were prepared from their respective sodium salts to be diluted to 
concentrations of 100 and 300 µg/L for IC-ICP-MS solutions and 75 and 750 mg/L for 
XANES analyses.  Sulfide (ACS grade, Sigma Aldrich) and sulfate solutions (ACS 
grade, Fisher Scientific) were prepared at ratios of 0.5, 2, 8 and 20 times the arsenic 
concentration as a molar ratio, also using sodium salts.  When used, about 2 mg of 
elemental sulfur (99.999+%, Asarco) were added to the final solution.  Ferric (reagent 
grade, Sigma Aldrich) and ferrous (reagent grade, Fisher Scientific) chloride solutions 
were prepared at 1 and 10 times the arsenic concentrations (molar ratios) used.  
Sodium acetate (ACS grade, Fisher Scientific) and lactate (ACS grade, Fisher 
Scientific) at 20 mM were used as carbon sources for cultures of Geobacter 
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metallireducens and Shewanella oneidensis, respectively.  The cultures were grown by 
D.R. Silverman, centrifuged and diluted to an optical density (OD) of 1 for (Figure 4.1).  
All salts were weighed on a micro analytical balance and placed in an anaerobic 
chamber to equilibrate before preparing solutions.  The chamber composition was 
approximately 5% hydrogen and 95% nitrogen.  Phosphate pH buffers were prepared 
outside of the anaerobic chamber and bubbled with nitrogen for ten minutes to limit 
oxygen present in the buffer.  A 0.1M phosphate solution of sodium monobasic (ACS 
grade, Fisher Scientific) and sodium dibasic phosphate (ACS reagent grade, Sigma 
Aldrich) was used for the near neutral pH experiments, and premade pH buffers from 
Hydrion (capsules for 100 mL buffer) were used for the specific pH experiments ranging 
from pH 6-8.5. 
 
Figure 4.1 Washed cellular pellets of bacteria used in thioarsenic formation studies. 
4.2.1.2 Sample preparation 
The buffers were placed in the anaerobic chamber and allowed to equilibrate with 
the anaerobic atmosphere before mixing with the arsenic and sulfur.  Solutions were 
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mixed in 50 mL (for kinetic studies) and 15 mL (all remaining experiments) centrifuge 
tubes with 5 mL of headspace.  All samples were capped and left in the anoxic 
atmosphere and placed on the shaker for 72 hours.  Figure 4.2 shows this set up.  Splits 
were taken at time = 0 hours and 72 hours as a minimum.  Additional splits were taken 
at 30 minutes, 1, 2, 4, 8, 12, 24, 48 and 120 hours for one of the initial experiments to 
examine kinetic effects.  For each split, 1 mL of the solution was removed and placed 
into a 1.5 mL centrifuge tube.  They were frozen and stored in the -80°C freezer 
immediately after removal from the anaerobic chamber.  Due to the time it takes to 
remove samples from the glove box properly without introducing oxygen, the time zero 
samples actually reflect about 10-20 minutes of reaction.  Additional reaction could have 
occurred during the brief time it took to thaw each sample (less than ten minutes).  Any 
time the sample was liquid and not frozen a reaction could have been occurring.  Each 
additional sampling point will also include this additional time, but labeled as the time 
the sample was drawn from the bottle, not the time it took to actually be frozen or 
thawed.  Care was taken to minimize this additional reaction time. 
 
Figure 4.2. Thioarsenic formation samples mixing in the anaerobic chamber. 
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4.2.2 Sorption experiments 
 In order to understand if thioarsenic species desorption contributes to arsenic 
release at the site and a dominance of trithioarsenate in the groundwater over some of 
the other thioarsenates, namely mono- and dithioarsenate, each of the arsenic species 
were tested for sorption.  Nanoparticulate iron (III) oxides (<50 nm, Aldrich) were 
investigated as a simpler analog to sediments for arsenate, arsenite and thioarsenate 
sorption.  Standard solutions of sodium arsenate and sodium meta arsenite, as well as 
laboratory synthesized sodium monothioarsenate (Schwedt and Rieckhoff 1996) and 
sodium tetrathioarsenate (Suess et al. 2009a) were prepared at neutral pH to an 
approximate concentration of 30 mg/L as arsenic.  Salts were weighed on a 
microbalance and brought into an anaerobic chamber prior to mixing with 
deoxygenated, deionized water.  Solutions containing all standards with approximately 
equal contribution (±10%) from each species were also prepared to a total 
concentration of 50 mg/L as arsenic.  About 105 (±5) mg of the <50 nm iron(III) oxide 
and 10 mL of a standard solution was added to 15-mL centrifuge tubes.  Each standard 
and mixture was prepared in triplicate.   
 All sample tubes were placed on a shaker and allowed to mix and equilibrate for 
72 hours.  After 3 days, the solutions were centrifuged to settle out the iron oxides.  The 
solution was decanted and remaining nanoparticles were removed by a 0.02 µm syringe 
filter (Whatman).  The iron oxides were scooped onto a 0.03 µm hydrophilic 
polycarbonate membrane filter (Poretics).  The water was drawn through the filter by 
capillary action and a paper towel placed underneath the filter membranes.  All solution 
samples were then flash frozen and stored in a -80°C freezer until IC-ICP-MS analysis.  
Once the iron oxides were dried, they were collected into 1.5 mL centrifuge tubes and 
flash frozen for X-ray Absorbance Near-Edge Spectroscopy (XANES) analysis as 
described in section 4.2.4. 
4.2.3 IC-ICP-MS analysis 
 Frozen samples were thawed out immediately prior to analysis, one at a time to 
minimize further reaction.  The analysis method followed a similar pattern as that 
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described in section 3.2.4.  For the formation studies, the arsenite and arsenate 
standards analyzed at the beginning, middle and end of the run were 100 and 500 µg/L 
to bracket the concentrations of the prepared samples.  All four calibration standards 
were run in duplicate at the beginning, and once as check standards in the middle after 
five to ten samples, and again at the end of the full run.  Most samples were run only 
once, but those that showed a reaction to thioarsenic species were run in duplicate.  All 
other analysis parameters and procedures were the same. 
 For the sorption studies, samples were analyzed as is, with no further dilution, 
despite the higher concentrations.  Dilution has been shown to alter speciation (Beak et 
al. 2008).  Solution samples were analyzed for speciation before and after exposure to 
the iron oxides.  Specific concentrations were not measured for accuracy by ICP-MS, 
since the goal was to determine differences only in starting and ending speciation and 
percentage of sorbed/removed arsenic for each arsenic species.   
 The effects of pH on the samples have been investigated for hydride generation 
(HG) based techniques of arsenic analysis previously, specifically with HG-ICP-MS.  It 
was determined that tetrathioarsenate degraded to trithioarsenate at a pH below 12 
(Planer-Friedrich and Wallschlager 2009).  Dissolving the solid tetrathioarsenate 
standard at pH 4 has been shown to form thioarsenite (Suess et al. 2009b).  To get a 
broad sense of the changes to tetrathioarsenate across a range of potential pH values, 
Hydrion pH buffers for integer pH analysis from 4-10 were prepared and 0.5 mg solid 
tetrathioarsenate was dissolved into each 100 mL buffer.  Speciation was determined by 
IC-ICP-MS immediately following dissolution with no sample dilution.  This was done to 
examine possible speciation changes in our samples due to the pH of our formation 
experiments and dilution of samples. 
4.2.3.1 Thioarsenites by IC-ICP-MS 
 Thioarsenites were synthesized in the Stanford Synchrotron Radiation 
Lightsource (SSRL) anaerobic chamber, with particular attention to eliminating oxygen.  
Once confirmed as thioarsenites by XANES (as described below), the remaining sample 
was flash frozen in liquid nitrogen and shipped to the CSM laboratory on dry ice.  The 
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samples were stored in a -80°C freezer and thawed in the CSM anaerobic chamber for 
IC-ICP-MS analysis.  Following the findings of Planer-Friedrich et al. (2010), the goal 
was to determine if oxidation of thioarsenites is occurring in the storage, thawing, or 
analysis steps of our previous method.  If we only have a peak for thioarsenite, and no 
thioarsenates are observed, we can be assured that our preservation and analysis 
techniques are adequate.   
 As seen in figure 1.12, the observed thioarsenite peak, made with a 10:1 S:As 
ratio, was attributed to arsenite, but it elutes slightly later than arsenite.  
Chromatography parameters were adjusted in attempts to separate thioarsenite and 
arsenite made at a 2:1 S:As ratio, with the goal of having both species present in the 
sample.  The starting to concentration of 40 mM sodium hydroxide was lowered to 20, 
10 and 5 mM using samples that were expected to have both thioarsenite and arsenite 
species present. 
4.2.4 XANES analysis 
 Two trips were taken to SSRL at the Stanford Linear Accelerator Center (SLAC).  
X-ray Absorbance Spectroscopy (XAS) techniques were used to examine solid and 
aqueous arsenic speciation of laboratory prepared samples.  X-ray absorbance near 
edge spectroscopy (XANES) has been used in the past to examine redox states of solid 
and aqueous speciation of arsenic (Makris et al. 2007, Covey et al. 2010, Smith et al. 
2009).  Using this technique, the white line, which has a predictable shift for oxidation 
state changes (Kelly et al. 2008), for arsenate is found at 11872.3 eV and 11865.5 eV 
for arsenite (Planer-Friedrich et al. 2010).  The goal for most of our XANES work was to 
examine the redox state of the arsenic in our thioarsenic compounds. 
 About 20 mg of each solid standard were mixed and diluted with 70 mg of 
sucrose purchased as powdered sugar from the local grocery store.  Solid standards 
included sodium arsenate, sodium meta arsenite, and laboratory prepared 
monothioarsenate and tetrathioarsenate.  Aqueous standards were prepared with and 
without the addition of glycerol, which was used to create amorphous ice when the 
standards were frozen.  Aqueous standards included arsenate, arsenite, 
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monothioarsenate, and tetrathioarsenate at pH 12, 7 and 4.  These pH dilutions 
correspond to a dominance of tetrathioarsenate, trithioarsenate and thioarsenite, 
respectively.  Samples were prepared on site in an anaerobic chamber to minimize 
oxygen exposure and oxidation.  Sample holders for both solids and liquids were 
wrapped in Kapton tape to seal in the sample and allow for expansion upon freezing.  
Immediately after removal from the anaerobic chamber, the sample holders were 
attached to the sample rod and placed in liquid nitrogen for flash freezing.  Samples 
were kept in the LN2 until XAS analysis.   
A germanium detector with a collimator was used with a platinum calibration 
standard for our XANES analyses.  A liquid helium cryostat was installed prior to 
analysis and samples were analyzed under helium at 15 Kelvin.  This was done to 
prevent any changes in speciation.  Following sample placement in the cryostat, the 
system was purged by vacuum and helium five times to remove air.  The vertical slit 
was 0.8 mm, and the horizontal slit was adjusted depending on concentration to get an 
even signal for each sample since concentrations varied.  Scans began at 11544 eV 
and ended at 12160 eV.  Two scans were run for each sample and standard.  
Transmission and fluorescence data were collected for each run.   
SIXpack v0.63 (Webb 2005), and specifically the SamView software was used to 
average the replicate scans for each sample.  The averages were saved and opened 
with Athena v0.8.056 software for analysis.  The pre and post-edge lines were 
normalized to 0 and 1, respectively.  Grouped samples were stacked with a separation 
of two on a single plot to examine trends.  Linear combination fitting was used through 
Athena to determine composition of the samples based on the samples analyzed with 
the run.  These fits were limited due to the limited purity of the standards used. 
4.3 Results 
 These results represent a collection of data used to understand the geochemistry 
of the Rifle site with particular relevance to the formation and release of thioarsenic 
species in the groundwater.  All related groundwater constituents considered are 
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presented.  Additional data from co-authors will be presented in the upcoming 
publication. 
4.3.1 Thioarsenic formation 
 Thioarsenites and thioarsenates were formed by mixing arsenite and sulfide 
solutions.  Under completely anaerobic conditions, XANES results indicated that 
thioarsenites were formed from arsenite and sulfide.  Figure 4.3 shows these results.  
Also shown are standards for arsenate, monothioarsenate, tetrathioarsenate, arsenite 
and (tri)thioarsenite.  A lower energy white line is seen for the reduced arsenite, as 
compared to arsenate.  Additional sulfidation also lowers the eV of the white line as 
shown by arsenate, monothioarsenate and tetrathioarsenate, although this increase is 
not as significant as the change in oxidation state.  The brown line “thioarsenic” 
indicates the sample prepared in the anaerobic chamber using arsenite and sulfide.  Its 
white line peak has an energy in between (tri)thioarsenite and arsenite.  Due to the 
uncertainty of purity of the (tri)thioarsenite standards, a fit was not performed to 
estimate the As:S:O ratio of the compound synthesized.  Regardless, the arsenic is 
present as As(III) with some degree of thiolation, although incomplete.  Higher As:S 
ratios appeared to have white lines closer to arsenite than (tri)thioarsenite, supporting 
the idea that more sulfide in solution leads to more thiolation of the arsenite. 
Arsenite and sulfide mixtures in a very slightly oxygenated atmosphere had very 
different results.  It was discovered that over the course of our first few studies that the 
anaerobic chamber had a slight leak in it, and the chamber was not fully anaerobic.  
These ppm concentrations of oxygen in the chamber led to the formation of 
thioarsenates, not thioarsenites, when sulfide and arsenite were mixed.  Additionally, 
mixing arsenate and sulfide, the proper oxidation states of both arsenic and sulfur for 
thioarsenate, did not produce any thioarsenates.  Under the conditions used, 
thioarsenates were only formed by mixing arsenite and sulfide in the presence of 
oxygen.  This suggests that thioarsenite is an intermediate in the formation of 
thioarsenates.  To get thioarsenates, a thioarsenite must form first and then be oxidized.  




Na3AsSO2 + ½ O2 = Na
Na3AsO4 + H2S ≠ Na3AsSO
Figure 4.3 XANES of formation experiment using arsenite and sulfide, as shown with 
the brown line.  The remaining lines are prepared aqueous standards.  The thioarsenite 
standard is an impure trithioarsenite solution.
The sulfide reactions worked best to m
of sulfide used increased the thiolation of arsenite.  Regardless of the concentrations 
used, trithioarsenate and tetrathioarsenate were the preferred products, as shown by 
IC-ICP-MS analysis.  There was no reactio
arsenate.  Elemental sulfur and arsenite yielded a detectable, but very small, amount of 
thioarsenates with less than 1% of the arsenite reacted.  Adding bacteria to the system 
allowed for a greater percent reacted, 
to react, but still not as much as in the 
amount of sulfur reduced to sulfide is unknown.
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In the kinetics study, we found that an average of about 50% of the arsenite had 
reacted in the T=0 samples in the abiotic samples.  Tetrathioarsenate and 
trithioarsenate were the major thioarsenate species.  After 24 hours, only minimal 
additional reactions occurred in the anaerobic chamber, and after 72 hours, the reaction 
had essentially stopped.  A similar trend was seen in the microbial studies.  However, it 
took longer for the initial reaction to start in the microbial experiments, with similar 
speciation seen in the 24 hour microbial and 1 hour abiotic tests.  The microbes did not 
contribute to a greater portion of thioarsenates formed, nor a quicker reaction.  Based 
on these findings, the microbes served only to reduce the sulfate and sulfur into the 
arsenite and sulfide needed for a reaction.  Without the bacteria and appropriate growth 
supplements, or carbon sources, there was no reaction if a more oxidized arsenic or 
sulfur source was used, even if the other was reduced.  Having both arsenite and 
sulfide present, even if they were produced from a microbial reduction reaction, is 
crucial to making thioarsenates under the conditions reasonable for the Rifle field site.  
Table 4.1 shows a summary of the results, based solely on arsenic and sulfur sources.  
Other factors, including microbes and other chemicals added, will be considered for 
reaction and speciation changes in later figures. 
Table 4.1 Summary of thioarsenate formation.  Green boxes indicate a strong reaction 
of the arsenic to thioarsenates.  A red box indicates no reaction. *In the case of arsenite 
and sulfur, there was a small reaction in the abiotic samples, and greater than 50% in 
the microbial samples. 
  
 Reaction of the arsenite to thioarsenates occurred quickly, but thioarsenate 
speciation changed over time.  Tetrathioarsenate formed in the initial stages of the 
reaction had mostly degraded over the course of 72 hours to trithioarsenate.  Figure 4.4 
shows changes in speciation over time in the abiotic arsenite, sulfide and iron 
experiment. The iron was expected to act as a surface for the arsenite and sulfide 
80 
 
reaction, but it played a minimal role as described in the following section.  Figure 4.5 
examines total arsenite reacted to form any thioarsenate species. 
 
Figure 4.4 Changes in reaction progress and speciation over 72 hours in abiotic sample 
containing arsenite, sulfide, and iron oxides. 
 In addition to the sulfur/arsenic sources and abiotic/microbial experiments, 
carbon and iron were observed to have effects on the arsenic speciation and reactions 
tested.  Lactate and acetate were tested without the bacteria as a control set to ensure 
that any reaction observed in the microbial experiments was, in fact, due to the bacteria 
and not the carbon food source.  Carbon, in the form of lactate or acetate, has a 
minimal effect on the total amount of arsenite reacted (Figure 4.5), but it has a much 
more dramatic effect on the overall speciation (A and D in figure 4.6).  Adding carbon to 
the arsenite and sulfide samples favored the formation of trithioarsenate and less 
monothioarsenate and arsenate.  Iron, regardless of oxidation or physical (solid vs 
dissolved) state, showed no significant difference in the overall reaction of arsenite and 




Figure 4.5. Comparison of arsenite and sulfide reaction to thioarsenate species in the 
presence of iron, carbon and bacteria.  Blue bars represent the reaction after 24 hours, 
and the red bars represent the reaction after 72 hours. 
However, in the presence of carbon and iron, much more of the arsenite reacted, 
and the extra arsenite reacted to form mostly trithioarsenate (F in figure 4.6).  Currently, 
the mechanisms responsible for this reaction and observation are unknown, but they 
may contribute to our understanding of the Rifle field site which is trithioarsenate-
dominant, as are environmental samples from other locations, despite modeling results 
favoring tetrathioarsenate.  Figure 4.6 shows a representative sampling of these 
reactions at T=72 hours.  These are abiotic samples, with the first column showing no 
carbon, and the second column the reactions with carbon.  The first row has no iron, 
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Figure 4.6.  Speciation results for arsenite and sulfide reactions in the presence of 
carbon, Fe(III) nanoparticles and minimal oxygen.  Samples B and E showed Fe(III) as 
an amorphous iron oxide. 
4.3.2 Thioarsenite by IC-ICP-MS 
 Thioarsenite samples analyzed by ICP-MS showed partial oxidation to 
thioarsenates.  About one third of the total thioarsenic species in the samples were 
oxidized thioarsenate, and two thirds were present as a thioarsenite peak.  This peak 
eluted 30 seconds later than the standard arsenite peak.  A small shoulder peak on the 
thioarsenite peak was present at 152 seconds, in the retention time range of arsenite 
(Figure 4.7).  With the 2:1 S:As ratio, the conversion of arsenite to thioarsenite appears 
to be incomplete.  There are two peaks present (153±2 and 186±2 seconds) in each of 
the chromatograms for these samples.  Arsenite and thioarsenite do not elute at the 
same time, as they are unique species with different affinities for the AS-16 column.  It 
is possible that the arsenite spike additions done by Planer-Friedrich et al. (2010) 
appeared to elute with thioarsenite at a later retention time because the arsenite had 
reacted with excess sulfide.  As described above, arsenite and sulfide react very quickly 
to form thioarsenite, so with excess sulfide from the 10:1 S:As ratio, the arsenite spike 
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may have reacted to appear as additional thioarsenite.  Altering chromatographic 
conditions to increase resolution of these peaks was unsuccessful, due to sample 
oxidation to the point where the thioarsenite peak was no longer present.  
Thioarsenates were the major species with a small amount of arsenite present.   
 
Figure 4.7 Thioarsenites formed from a 2:1 sulfide: arsenite ratio analyzed by ICP-MS. 
4.3.3 Implications for analysis 
 From the findings in this study, we can make a few statements about the 
implications they have on the IC-ICP-MS analysis.  Based on the XANES data for the 
thioarsenite sample, the white line was present between (tri)thioarsenite and arsenite, 
with more than one thioarsenite species likely in the samples.  However, only one 
thioarsenite peak was present.  While it is possible to distinguish thioarsenite from 
arsenite, it does not appear to be possible to separate the different thioarsenites under 
the conditions investigated.  More anoxic work will need to be done with analyzing 
thioarsenites and arsenite to improve peak resolution.  XANES analysis can be used to 
determine the oxidation state of both thioarsenates and thioarsenites, and sample 
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preparation for this technique has fewer steps, which allows for fewer chances of 
oxidation than the IC-ICP-MS techniques.  Despite these pros, the concentrations 
needed for XANES analysis are much higher (high ppm levels) than the arsenic 
concentrations in most environmental system (ppb to low level ppm).  Synthesized 
thioarsenic samples with deliberately higher concentrations can be used by XANES.  
Finally, the high concentrations used in XANES are difficult by IC-ICP-MS due to 
column and detector overload.  As seen in figure 4.7, the peaks are not as clean as the 
lower concentrations seen in previous figures. 
Additionally, the thioarsenite samples analyzed in this experiment were treated in 
the same way as the field samples collected from Rifle.  While some oxidation of 
thioarsenite occurred, the thioarsenite peak remained.  In the majority of samples 
collected from Rifle, there was no peak at this retention time, indicating the absence of 
thioarsenites in the samples collected.  There were a few, highly reduced samples that 
had a very small, unidentified peak at this time, and from this work, it appears as though 
it was likely to be thioarsenite.  For the remaining samples, the thioarsenates in the 
sample were likely to have been thioarsenates at collection since no thioarsenite peak 
was present to show oxidation from our storage and analysis methods.  However, it 
must be noted that the field samples were collected using a peristaltic pump and were 
exposed to the air before flash freezing.  The potential still exists for thioarsenites in the 
groundwater that were oxidized quickly during sampling to thioarsenates.  Anoxic 
sampling within the wells will need to be considered to determine actual in situ 
speciation. 
 Previously, repeat, sequential analyses of the same field sample showed similar 
speciation, with the only changes due to slight oxidation of the sample.  Thioarsenite 
oxidation was much more evident than thioarsenate degradation (to lower thiolated 
compounds).  On-column reactions do not appear to be occurring.  Since arsenite and 
sulfide were shown to be the only species that will react to form thioarsenic species, and 
the initial reaction occurs within minutes, speciation reactions are more likely to occur in 
situ rather than on-column.  If the sample was oxidized at collection, any further reaction 
to change speciation is also unlikely since arsenate and sulfate will not react with sulfide 
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or arsenite to form a thioarsenic species.  These reactions were shown to be possible in 
the presence of bacteria, but take much longer to initiate, longer than the thawing and 
injection time.  These observations support the preserved speciation of the samples as 
collected.  Again, the sample collection process is the only likely source of speciation 
degradation and will need to be considered further if accurate in situ speciation is 
desired. 
 Lastly, pH does have an effect on the tetrathioarsenate speciation.  Figure 4.8 
shows the speciation in the dissolved tetrathioarsenate standard from pH 4 to 10.  
Tetrathioarsenate composed about 90% of the arsenic species from pH 9-10.  It 
dropped off quickly when decreasing the pH to 8, with arsenite and trithioarsenate 
taking over.  At neutral pH, trithioarsenate is the dominant species, but only account for 
just over 50% of the arsenic species.  The degradation from tetrathioarsenate to 
trithioarsenate is not complete, mostly due to an arsenite species.  Arsenite, or 
thioarsenite, is present at a minimum of 30% up to pH 8, and accounts for 80% at pH 4.  
At pH values common of the groundwater seen at Rifle, CO, tetrathioarsenate can be 
present, but it is never the dominant species, even if it is the starting material.  This may 
account for the initial prevalence of tetrathioarsenate in our synthesized samples but 
eventual dominance of trithioarsenate.  It may also contribute to the low occurrence of 
tetrathioarsenate in field samples, despite modeling predictions for greater percentages.  
A clear mechanism for this pH observance was not investigated and remains unknown.  
Further work is needed to understand this. 
4.3.4 Thioarsenate sorption 
  As the literature has shown (Sharma and Sohn 2009), we saw that arsenate 
sorbed more strongly (97%) to the iron oxides than the arsenite (89%).  In fact, arsenate 
sorbed most strongly of all the arsenic species tested.  We were unable to test 
tetrathioarsenate since the studies were conducted at pH 7 to simulate groundwater 
conditions.  As shown above, tetrathioarsenate readily decomposes at near neutral pH 
to trithioarsenate.   A general sorption trend was observed as more sulfur was present 
on the arsenate anion.  Starting with arsenate with no sulfur atoms, sorption was 
highest.  Sorption decreased with the replacement of each oxygen with a sulfur atom.  
86 
 
Table 4.2 summarizes the results of iron oxide and (thio)arsenate sorption in the first 
experiment.  Additional samples were compromised, so the uncertainty of this data and 
trend is currently unknown.  Replicate analysis of the same sample solutions was within 
3%. 
Table 4.2 Arsenic sorption to iron oxides. 








Figure 4.8 Tetrathioarsenate vs. pH 
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One possible explanation for the observed sorption pattern could be the possible 
binding sites and ligands used.  Arsenate sorption is strongest using bidentate ligand 
binding where two oxygen atoms are shared between the iron oxide and arsenate 
molecules (Waychunas et al. 1995).  A monodentate ligand bond with only one shared 
oxygen is less strong.  As more sulfur is added to the arsenate structure, there are 
fewer opportunities for bidentate ligand binding, until we get to trithioarsenate, and there 
is only one remaining oxygen, making only the monodentate complex possible.  
Trithioarsenate, would therefore sorb less strongly, contributing to a dominance of that 
species in the groundwater.  Figure 4.9 shows the XANES results of the iron oxide 
sorption of arsenic.  As with figure 4.3, the standards are shown as well as the samples.  
Linear combination fits of the samples were poor due to an incomplete set of pure 
standards.  They did however, suggest that the arsenic sorbed to the iron oxides had a 
higher O:S ratio for each sample as compared to the standard for the solution prior to 
sorption.  This data supports our hypothesis of preferential sorption of the more 
oxygenated arsenic species for bidentate ligand binding. 
 
 




 Under water chemistry conditions typical in groundwater, arsenite and sulfide are 
needed to produce thioarsenates that are now being detected in these reducing waters.  
Thioarsenites are created as intermediates of thioarsenate formation.  The arsenic is 
oxidized very quickly to form thioarsenates.  As predicted by modeling studies (Couture 
and Van Cappellen 2011), tetrathioarsenate forms as the dominant species, followed by 
trithioarsenate, in the earlier time samples.  In the field, however, trithioarsenate has 
been seen as the dominant species (Planer-Friedrich et al. 2007a, Stauder et al. 2005, 
Stucker et al. 2013).  Tetrathioarsenate degrades at neutral pH to trithioarsenate, and 
trithioarsenate is favored with iron and carbon in the system, typical of groundwater.  
Sorption of these arsenic species also favors a release of the more thiolated species, 
additionally contributing to the dominance of trithioarsenate.  These parameters need to 
be considered and examined further for more accurate prediction of arsenic speciation 
in reduced waters. 
Although there was little effect on the thioarsenic reaction using bacteria, 
microbial reactions still help to form the correct reduced phases, arsenite and arsenate 
to form mobile thioarsenic species.  Bacteria can also contribute to arsenic release 
through bacterial reduction of iron oxides. 
 Analysis of thioarsenic species by IC-ICP-MS remains possible with some 
analytical challenges.  Sample collection needs to be completely anoxic due to the very 
quick oxidation of thioarsenites to thioarsenates.  Thioarsenites can be identified as 






EXPANDED FIELD SITE GEOCHEMICAL CHARACTERIZATION  
OF THIOARSENIC SPECIES  
5.1 Introduction 
 Rifle, Colorado is home to a former uranium mill site along the Colorado River 
and Interstate 70.  Following the passage of the Uranium Mill Tailings Radiation Control 
Act of 1978 (UMTRCA 1978), the 24 uranium mill sites across the United States were 
required to remove and safely dispose of the tailings piles on site.  The Department of 
Energy was held responsible for surface remediation of most of these sites.  In 1992, 
surface remediation at Rifle began, and it was completed in 1996 (U.S. DOE 1999).  
Prior to removal, uranium from the tailings was leached into the groundwater, and that 
contamination remains an issue (U.S. DOE 2008).  Monitored natural attenuation 
(Jorgensen et al. 2010), bicarbonate flushing (Phillips et al. 1995) and biostimulation 
(Lovley et al. 1991, Williams et al. 2011) are all strategies that have been studied for 
groundwater uranium remediation.   
 Acetate additions aimed to simulate microbial growth and reduction of soluble, 
mobile uranium (VI) to immobile uranium (IV), have been the focus of remediation at 
Rifle (Anderson et al. 2003, Yabusaki et al. 2007, Campbell et al. 2011) over the last 
decade.  While a decrease in aqueous uranium concentrations has been observed as a 
result of this remediation, the reducing conditions that are favorable for uranium have 
mobilized and increased arsenic concentrations several times the alternate 
contamination limit (ACL) of 50 µg/L at the site (Stucker et al. 2013).  The increase in 
arsenic concentrations at Rifle have been attributed to the formation of highly mobile 
thioarsenic species during sulfate reduction.  As described in section 4.3.1, arsenite and 
sulfide react quickly to form thioarsenite.  Thioarsenic and arsenite species sorb less 
strongly to iron oxides and sediment particles, contributing to their release and high 
aqueous concentrations (section 4.3.4).  These lab studies were developed to provide 
insight into the field observations.   
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The work presented within is aimed to better understand field conditions and site 
heterogeneity.  Data from 2008 and 2009 showed dramatic increases in the arsenic 
concentrations during biostimulation, and the 2011 data from CD01 supported the 
observations.  We have examined speciation and arsenic concentrations across the site 
to determine the extent of this release.  This work will be combined at the publication 
stage with D.R. Silverman’s Rifle area background sediment (RABS) columns to explore 
thioarsenic release and processes occurring under field settings.  The overall goal was 
to understand thioarsenic species under the complex chemical, biological and 
geological conditions found at the Rifle field site. 
5.2 Methods 
5.2.1 Investigating site geochemistry 
 Samples were collected weekly from downgradient well CD01, CD04 and CD02 
(see figure 3.1) through the 2011 arsenic release.  CD01 samples were collected and 
analyzed through January 2012 to cover the return to downgradient background 
conditions.  The downgradient background conditions are slightly more reduced than 
the upgradient samples, and repeat biostimulations has been shown to decrease the 
time required to reach sulfate reduction (Yabusaki et al. 2007, Yabusaki et al. 2011).  
CD02 and CD04 samples were analyzed through the arsenic release and November 
2012.  These samples were filtered and acidified and shipped to the Lawrence Berkeley 
National Laboratory (LBNL) for ICP-MS analysis of major cations.  On site, ferrous iron 
by the 1,10-phenanthroline method, sulfide by the methylene blue method, and anion 
analysis by ion chromatography measurements were made for each sample.  Details 
are given in section 3.2.5.  This data was compiled to examine trends of each 
groundwater component over time in relation to the biostimulation experiment.  Sigma 
XL (Toronto, Ontario, Canada) was added to Excel (Microsoft, Redmond, Washington) 
to examine correlations of different groundwater constituents to total arsenic 
concentration.  Well CD01 was used for this correlation analysis since it had the most 
complete dataset across the set of constituents examined. 
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 As described in section 3.2.1 and 3.2.2, unfiltered splits of these samples were 
collected weekly for arsenic speciation and preserved by flash freezing.  In addition to 
these samples from wells CD01, CD02, CD04 and CU01, the full acetate downgradient 
well plot, as well as CD14 in the bicarbonate injection zone, was sampled on November 
4, 2011 and July 23, 2012 to examine speciation in each of the wells CD01-09, CD14, 
CD18 and CU01.  These dates correspond to mid-sulfate reduction and post-
amendment, respectively, at the site.  CD06 has a multi-level sampler.  Samples were 
collected from 13, 16 and 19 feet below ground surface (fbgs) from samplers 4, 5 and 6, 
respectively.   
5.2.2 Arsenic speciation and concentration analysis 
 Speciation samples were thawed in a 5% hydrogen, 95% nitrogen anaerobic 
chamber immediately before analysis by ion chromatography- inductively couple plasma 
– mass spectrometry (IC-ICP-MS).  Method conditions have been presented in section 
3.2.4.  Samples were analyzed in duplicate and averaged for each arsenic species.  
Arsenite and arsenate calibration standards were used at the start and end of each run 
and verified every 6-8 samples.  Concentration of check standards were expected to 
meet the ±10% criteria for total concentration and ±5% in speciation changes.  The 
standards were prepared from their respective sodium salts and verified by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) and NIST standard 1643e for 
true concentrations.  Total arsenic concentrations were verified by ICP-AES. 
5.2.3 Soil extractions 
 Archived sediment samples were obtained from Pacific Northwest National 
Laboratory (PNNL) to determine initial concentrations of arsenic present in the 
sediment.  These samples had been kept in a freezer following the 2010 drilling 
campaign at Rifle.  Sediment samples from wells CD01, CD02, CD04 and CD07 were 
extracted for arsenic.  A 1M phosphate solution was prepared from 0.5M potassium 
phosphate monobasic and 0.5M potassium phosphate dibasic (Georgiadis et al. 2006).  
Approximately 1g of <2mm sediment was weighed into a 50 mL centrifuge tube, and 25 
mL of extractant solution was added.  A 24 hour extraction was completed on a shaker.  
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Each sediment sample was extracted in duplicate.  This was done to simulate water and 
acetate extractable arsenic over the course of the biostimulation to better understand 
any heterogeneities in arsenic concentration from well to well.  Phosphate based 
extractions have been shown previously to extract only sorbed arsenic (Garcia-Manyes 
et al. 2002, Zeng et al. 2008).  This procedure was chosen over full soil digestion 
procedures (Van Der Veen et al. 1985) to keep the soil intact and only remove arsenic 
that was likely to be desorbed from the soil (Alam et al. 2001).  The extractant solution 
was filtered through Whatman 0.45 µm nylon filters into a 15 mL centrifuge tube and 
acidified with nitric acid to pH <2.  The samples had a total dissolved solids (TDS) 
concentration much too high for typical ICP-MS/ICP-AES analysis, which should be 
under 0.2% (Thomas 2001).  Rough ICP-MS data is presented, but the samples will be 
rerun using graphite furnace atomic absorption spectroscopy (GFAAS), which can 
handle higher TDS concentrations with relatively minimal sample size. 
5.3 Results 
 Trends for acetate, As, U, Fe(II), Mn, S(-II), sulfate and pH in well CD01 during 
the 2011 biostimulation experiment are presented in figure 3.3.  The remaining wells 
had similar patterns with lower concentrations (data to be published by Williams et al. 
2013).  As acetate is injected at the site, there is a decrease in overall aqueous 
uranium, caused by the acetate microbial stimulation and reduction of uranium to an 
insoluble form.  As discussed previously, this reduction passes through Fe(III) reduction 
then to sulfate reduction.  These reduction phases have a profound impact on arsenic 
release.  The reductive dissolution of iron(III) oxides releases a small amount of arsenic 
compared to the release seen during sulfate reduction.  Table 5.1 shows correlation 
factors between arsenic and the other related groundwater components.  A positive 
value in Table 5.1 indicates a positive correlation, and the closer the value is to 1, the 
stronger the correlation.  As sulfate is reduced and decreases in the system, arsenic 
rises with the strongest correlation.   
All of the wells at Rifle showed a trend with added sulfide (from sulfate reduction) 
and a release of thioarsenic species.  The release of thioarsenates, specifically 
dithioarsenate and trithioarsenate had a high degree of positive correlation with the total 
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arsenic concentration.  However, the concentrations of arsenic release varied 
tremendously from one well to the next.  Figure 5.1 shows the release and speciation of 
arsenic in three of the downgradient wells, CD01, CD02, which is adjacent to CD01, and 
CD04, which is directly downgradient from CD01.  One well, D05, from the 2009 
stimulation experiment in a different well gallery from the 2011 experiment, is also 
shown.  While the speciation patterns are very similar, the total concentrations are very 
different.  Samples were taken from CD02 in early weeks when there is no CD01 
sample.  Before the acetate reaches the well, the speciation is predominantly arsenate, 
similar to the upgradient background samples.  After acetate has reached the well and 
iron reduction is achieved, there is a small release of arsenic, likely due to the reductive 
dissolution of iron (III) oxides.  This arsenic is also reduced under the biostimulation 
conditions, and the speciation changes to mostly arsenite present in the wells.  Then, a 
larger increase in arsenic is seen with sulfate reduction and the production of sulfide 
and thioarsenics.  In all three wells, trithioarsenate is the dominant species when 
arsenic concentrations are the highest.  The same pattern was seen in 2009 in well 
D05. 
Table 5.1. Correlations of relevant groundwater components as related to the total 
concentration of aqueous arsenic on site in well CD01.  Correlations examined were for 
period of biostimulation. 
 
Chemical Component r  p  
Sulfate -0.9003  0.0002  
Fe (II)  -0.6178  0.04  
Dithioarsenate  +0.8680  0.0005  
Trithioarsenate  +0.8542  0.0008  
Vanadium  +0.8031  0.003  






Figure 5.1. Arsenic speciation from the 2011 experiments in wells A) CD01, B) CD02 
and C) CD04.  D) shows arsenic speciation in well D05 from the 2009 experiment.  The 
scales are not the same, due to varying dates of collection for the different wells.  Of 






Figure 5.1 (continued). Arsenic speciation from the 2011 experiments in wells A) CD01, 
B) CD02 and C) CD04.  D) shows arsenic speciation in well D05 from the 2009 
experiment.  The scales are not the same, due to varying dates of collection for the 
different wells.  Of particular interest in these graphs is the trend in speciation and the 
differences in total arsenic release. 
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 Similar levels of acetate were achieved in wells CD01 (max 16 mM) and CD04 
(max 13 mM), so the acetate is flowing downgradient without significant loss or 
metabolization.  However, the arsenic plume does not appear to be moving without a 
substantial concentration loss.  A few possibilities exist for this observation, including 
the resorption of released arsenic, or site heterogeneities contributing to localized 
arsenic released.  Sediments were examined to test the latter hypothesis.   
 Shown in figure 5.2 are the extraction results from the Rifle sediments.  In 
addition to the wells presented above for speciation, we also had samples from well 
CD07.  Each bar represents the mass based concentrations of arsenic extracted from 
the soil at the specified depth.  Well CD02 showed the most consistent arsenic 
concentrations with depth, around 2 µg As per g sediment.  In the other three wells, 
along the CD01 transect, there was much more arsenic present in the sediments 13 ft 
bgs (red in figure 5.2).   
 
Figure 5.2. Arsenic extracted from Rifle sediments in wells CD01, CD02, CD04 and 
CD07 at 10, 13, 16 and 19 feet below ground surface (fbgs).  Not all sediment samples 
were available for extraction, as denoted by blanks in the chart. 
CD01 CD02 CD04 CD07
10 fbgs 0.80 2.05 0.86 2.04
13 fbgs 7.24 2.06 3.86 6.03
16 fbgs 2.34 2.98 1.60



























Arsenic extracted from Rifle sediments
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 From the extraction data, it is not fully clear whether site heterogeneities can be 
deemed responsible for the variations in arsenic release from one well to the next, 
although there are variations up to 10 fold along depth profiles within wells.  CD02 and 
CD04 had average concentrations of depths analyzed of 2.1 µg As per gram sediment, 
and CD01 had nearly an average nearly 50% higher at 3.1 µg As per gram sediment.  
More than three times as much arsenic was observed to be released from CD01 than 
the other two wells during biostimulation.  While this data supports the hypothesis, more 
work would need to be done to say with certainty.  It is possible the arsenic plume is 
dispersing or resorbing to the sediments as the groundwater flows, contributing to the 
lower concentrations observed downgradient. 
Groundwater flow was approximated to flow directly from the upgradient wells, 
through the injection wells to the downgradient wells and eventually into the Colorado 
River.  Figure 3.1 shows the map and the estimated groundwater flow.  Tests conducted 
by other groups suggested that the water flows slightly off this path and diagonally 
upward on the plot, or slightly more south directionally.  Our speciation results from the 
November 4 sampling date of all downgradient wells shows some additional evidence of 
this.  Figure 5.3 shows a pie chart plot of speciation in each of the downgradient wells, 
placed according to location at the field site.  November 4, 2011 is a little over two 
months into the biostimulation experiment.  Wells that received acetate were in sulfate 
reduction at this point.  Orange pie slices in this chart represent trithioarsenate, which 
has been seen to be the dominant species when arsenic release is highest.  
Trithioarsenate is a significant portion of the speciation in the wells nearest to the 
injection wells as seen by CD18, CD01, CD02, and CD03.  Trithioarsenate is also high 
in the wells downgradient from CD01- CD04 and CD07.  If groundwater flowed directly 
across the experimental plot, arsenic concentrations and trithioarsenate would be high 
in all of the downgradient wells.  Instead, some of the lower wells, or those nearest to 
the bicarbonate amendment area, show very little thioarsenate presence, and the 
speciation more closely resembles that of CD14 in the downgradient bicarbonate 
injection area.  Based on these findings and the findings of other groups, it appears as 
though some of the later (in terms of time of acetate arrival), lower wells receive a 
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bicarbonate amendment rather than the acetate.  Groundwater flows slightly diagonally 
through the plot. 
 
Figure 5.3. Arsenic speciation in each of the wells sampled on November 4, 2011.  Pie 
charts of speciation represent the arsenic composition percentage in that well. 
 Regardless of the exact flow direction and chemical amendment received, each 
of the downgradient wells shows a drastic change in speciation as compared to the 
upgradient, CU01, well.  Arsenic speciation and concentration released is affected by 
biostimulation used for uranium bioreduction. 
5.4 Conclusions 
 Arsenic release at the Rifle site is observed in all downgradient acetate wells 
during sulfate reduction, and a highly negative correlation is seen between total arsenic 
concentration and sulfate concentrations.  Some release is observed during iron(III) 
reduction, but this is minimal when compared to release during sulfate reduction.  The 
arsenic plume changes as it migrates downgradient, and this may be due to 
heterogeneities in the original sorbed arsenic concentrations in each well.  Speciation at 
the site is related to the type of chemical amendment to which the groundwater is 
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exposed.  Mixed treatments (acetate and bicarbonate) led to reduced arsenic species, 
but fewer thioarsenates in the biostimulation area with higher sulfide concentrations.   
*Work done with D.R. Silverman will be used to bolster these arguments with columns 






6.0 Overall conclusions and future work 
Contaminant remediation of metal(loid)s continues to provide challenges for 
scientists; they cannot be broken down, but we can change the speciation to decrease 
mobility in situ, increase mobility for flushing, or minimize toxicity.  There are several 
ways to remediate groundwater uranium concentrations, but care must be taken to 
ensure the chosen strategy will not have an overall negative impact.  At the Rifle, 
Colorado site, biostimulation has been the most investigated remedial technique, but it 
was found that the reducing conditions favorable for uranium reduction and removal 
have a profoundly negative impact on arsenic concentrations.  Effective remediation 
requires that the initial contamination is improved without creating another 
contamination problem.  Unless improvements are made to this biostimulation plan to 
account for the increase in arsenic, it will not be an effective strategy to decrease 
aqueous uranium concentrations. 
 Former methods of measuring contaminant fluxes were based on laborious 
tracer studies and concentration measurements along the flow path.  Passive flux 
meters provide an improvement to these methods, in both the time commitment to make 
these measurements and with higher resolution.  A contained column is inserted into a 
predrilled well and left for a predetermined amount of time.  Based on the duration of 
installation, the concentration of sorbed contaminant (removed from the groundwater) 
and the fraction of tracer lost, the time-averaged groundwater contaminant 
concentration as well as contaminant and groundwater fluxes can be determined for 
each sample section down the depth profile of the PFM.  Multiple PFMs in a well gallery 
allow for spatial and time resolution flux measurements, and therefore, a more complete 
dataset on contaminant fluxes.  Additionally, flux measurements provide a greater 
picture of the extent of contamination compared to concentration alone.  A high 
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contaminant concentration that is moving quickly will provide a greater threat to the 
environment and living organisms than a high concentration that is not moving. 
 Uranium PFMs were developed using Lewatit S 6328A resin.  This resin was 
chosen for its high Kd for uranium, great sorption linearity over the concentration range 
applicable for the Rifle, CO field site and finally, for its low cost.  Flux measurements 
made with these PFMs were consistent with more common flux techniques as 
described.  However, this technique allows for more timely, higher resolution 
measurements.  Uranium concentrations and fluxes were decreased in reduced areas 
of the well gallery due to biostimulation and natural reduction.  Flux measurements can 
be used to determine effectiveness of biostimulation for the specified contaminant. 
 Biostimulation was observed to be an effective remediation strategy to decrease 
aqueous uranium concentrations, but it has negative impacts on the arsenic 
concentration.  Reducing conditions favorable for uranium immobilization tend to favor 
arsenic mobilization.  The reductive dissolution of iron oxides, hypothesized to be 
responsible for arsenic release in other contaminated areas, did not appear to fully 
explain the release seen at Rifle.  Arsenic concentrations were doubled on average 
during iron reduction, but a magnitude increase was seen in some wells during sulfate 
reduction.  Speciation studies revealed that the arsenic release was due to highly 
mobile thioarsenic species.  Arsenate is the dominant species in the background and 
pre-stimulation samples, arsenite in the downgradient iron(III) reduced samples, and 
trithioarsenate during sulfate reduction.   
 Reduced arsenic, in the form of arsenite, reacted within minutes with aqueous 
sulfide produced by the reduction of sulfate, to form thioarsenites.  Thioarsenite reacts 
quickly with an oxidizing agent to form thioarsenate species.  Thioarsenates are easily 
separated and detected using IC-ICP-MS methods.  Thioarsenites, on the other hand, 
are only detected as a general thioarsenite that elutes from the IC column immediately 
following arsenite.  Analytical challenges remain to completely preserve speciation 
during sampling, storage and preparation for analysis.  With sufficient preservation, it is 
expected that chromatographic parameters can be adjusted for improved resolution of 
arsenite and thioarsenite peaks.  Due to the current analytical limitations, the best we 
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can say is that the samples collected in the field represent thioarsenic species formed 
during sulfate reduction. 
 Thioarsenic species tend to be highly mobile, with decreased sorption compared 
to unthiolated arsenic compounds.  The prevalence of trithioarsenate in speciation 
studies done for this work and others, despite modeling predictions of tetrathioarsenate, 
may be due to the decreased sorption of monodentate ligand binding.  Other 
possibilities include pH degradation of tetrathioarsenate and an unknown mechanism by 
which trithioarsenate appears to be the favored species formed in the presence of iron 
and organic carbon.  These conditions are typical of natural systems and support the 
observance of trithioarsenate.  More work will need to be done to better understand 
these observations. 
 At the Rifle field site, similar speciation patterns are seen from one well to the 
next; however, concentrations vary significantly.  Site heterogeneities are prevalent and 
contribute to the variation in released arsenic.  Ongoing column studies aim to provide 
insight into this observation.  Full field site speciation studies have been useful in 
determining areas exposed to reduction during the biostimulation experiments and 
those previously exposed due to low levels of maintained reduced species. 
 Biostimulation is effective for remediating uranium, but some adaptations will be 
necessary to prevent arsenic release.  One possible adaptation could be lowering the 
acetate concentration injected and limiting reduction to ferric iron reduction.  Preventing 
sulfate reduction would minimize the level of arsenic release.  Stopping reduction before 
sulfate reduction or adding an inhibitor are both strategies that could be investigated, 
but would be difficult for field scale implementation.   
Bicarbonate flushing has been shown to remove groundwater uranium at a 
quicker rate than natural flushing, and the arsenic concentrations were not increased 
more than that seen with iron reduction.  Increased arsenic concentrations showed 
increased arsenite levels, and it is possible the reduced arsenic had been sorbed after 
biostimulation in that well the previous year.  Repeating bicarbonate flushing in an 
unaffected gallery may provide insight into typical effects of bicarbonate flushing on 
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arsenic concentrations.  In any case, this uranium remediation strategy provides a more 
promising technique without increasing arsenic concentrations.  We need to be able to 
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ICP-MS METHODOLOGY AND MAINTENANCE 
This appendix has been designed to give some basic guidance for running the 
ICP-MS and IC used in our lab.  Included are instructions for using the software, 
hardware troubleshooting and method development.  If you have questions that have 
not been addressed here, the software guide is a great starting place.  I have not found 
it to be all that useful for troubleshooting, so you may want to contact someone with 
more experience if you cannot find the answer here or in the guide.  The service 
technicians are also good, and can usually send you an email back by the end of the 
work day. 
A1. Main toolbar functions 
 There are 14 buttons on the main toolbar shown in figure A1.1.  This section 
gives a brief description of each one and when to use it.  More complete instructions for 
some of these are located in the following sections. 
 
Figure A.1. Main toolbar in NexION software.  The last button is for Chromera, the 
chromatography software which we have not been using.  If it is installed, you can 
access it from here. 
 
A1.1 Method 
When you click on this button, the current method in use will show up.  Here, you 
can make edits to the analytes, internal standards and associated groups, the analysis 
time, number of replicates, sweeps, etc.  The section on creating your own 
concentration only method gives a description of the other tabs here.  Anything 
associated with the method and collecting your data after will be found here.   
 If you open this box to create a new method by going to file, new, a few options 
will appear: Quantitative Analysis, TotalQuant, Isotope Ratio, Isotope Dilution, and Data 
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Only.  Most of what you will use is through Quantitative Analysis.  Use this for your 
concentration only methods as well as your real time methods.   
TotalQuant is a great way to get a semi-quantitative report on all elements in 
your sample.  Directions for using this are in the ICP-MS manual.  You will basically find 
a simple calibration solution, add in the concentrations for that.  Then run a blank, your 
standard and the sample.  This is a quick way to judge dilution factors for your later 
quantitative analyses.   
We have not used the isotope ratio or isotope dilution features for the NexION.  
Be careful when using these methods and check for accuracy.  Quadrupoles are not the 
best way to get very precise and accurate isotope ratios down to a reliable level.   
The data only methods are good for finding your peaks and doing method 
development to decide which isotope and interferences.  For an example, check out my 
demo methods showing rubidium and strontium peaks.  The x-y method also uses the 
data only method. 
A1.2 Sample 
 There are two tabs on the sample box.  One is for manual sample analysis.  Use 
this tab for when you inject your own samples or you do work without the autosampler.  
Type in your sample name, and then click analyze blank, analyze standard or analyze 
sample.  I have only used all three for the TotalQuant analysis.  Typically, you will just 
use analyze sample.  Make sure to come up with unique names for each sample, or you 
will be asked to overwrite a file.  If this happens, you can reprocess your data by using 
the dataset mentioned in the next section. 
 The second option is a fill down sheet for autosampler use.  Fill in all the 
necessary information for samples only.  If you are running a check standard as a 
sample, you may include this as well, but regular standards will be written into the 
method.  Include autosampler location, sample name, method and action by right 
clicking the box and selecting the appropriate action.  Usually, it will say run sample.  
The first one will likely say run blank, standards and sample.  Every other column can 
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be filled in or left empty as you see fit.  This file can be saved for later use or when you 
have similar runs.  To use the file, select all of the samples, hit build run list and then 
analyze.  It will ask if you wish to use or clear the most recent calibration. 
A1.3 Dataset 
 This is a collection of each sample you have run since starting that data set.  
From here you can reprocess data with new settings or get data for a sample that was 
missed in your report export file.  You cannot add anything to your method to reprocess, 
but if you want to add/remove an equation to correct for an interference you can do that, 
assuming you measured for that interference.  To reprocess, make sure you have the 
correct method and calibration files open.  Select the samples you need, and then hit 
reprocess.  The data will come out on the file named on the method report file tab. 
 Make sure you make new datasets frequently so the dataset file does not 
become too large.  This prevents the software from opening and moving quickly.  
Dataset files can be moved or rearranged on the computer rather than in the program to 
make this easier. 
A1.4 Realtime 
 This window is good for watching chromatography peaks or nanoparticle spikes 
run in real time mode.  Go to options to change the x-y values.  From here you can also 
decide if you want to see the results as “signal” which is like a chromatography output, 
numerically or as the peaks for each analyte by selecting “spectral.”  Hit analytes to add 
or subtract analytes or change the colors on your graph.  Selecting part of the graph will 
zoom in on that section.  To go back and zoom out, use the options bar or click the left 
most button in the bar to see everything that has been run so far.   
A1.5 Interactive 
 If you want to see results from the optimizations and how the optimal values were 
reached, click on this icon.  The drop down menu gives the list of things you can see as 
they are run.  This box is similar to the real time box for options and settings. 
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A1.6 Calibration View 
 If you are running standards for a concentration only method, this is where you 
can view your calibration curve.  Check the stats button for your r2 value.  The closer 
this is to 1, the better.  I usually like a minimum of 0.999 for ICP-MS analysis.  Make 
sure to use the drop down menu to view all of your analytes.  There can be cases where 
some analytes come out great and others do not.  You need a good line for each 
analyte you wish to quantify. 
A1.7 Report Option 
Use this function to set up your report output files.  From here you can select the 
categories and sub categories of data you receive.  For real time data, this usually just 
involves the sample name with time vs. intensity data.  For concentration only data, you 
can add more to it.  I typically have the sample name, measured and net intensities for 
all replicates and a mean value for each.  You can set fonts and spacing for your files 
on this page as well. 
A1.8 Report View 
Open this box anytime you are doing a concentration only method or optimization 
and you want to see the results for each sample.  This will be set up how you wrote the 
report output file in the previous tab.  This is a good way to monitor your samples as you 
are running. 
A1.9 Smart Tune 
 Use the Smart Tune to optimize the instrument at the beginning of each day.  
See instructions for running the instrument and making your own smart tune for more 
information. 
A1.10 Conditions 
 The conditions tab has all of the settings from optimizations, general settings and 
the dual detector.  On the manual adjust tab, you can make your own slight adjustments 
to things, but be sure you know what the effect is and what you are changing before you 
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do anything on this tab.  Make sure there are values on the dual detector tab or perform 
a new detector calibration as described.  Save the conditions after every daily 
performance optimization. 
A1.11 Mass Calibration 
 This is like the tuning tab on the Elan.  See section A3.7 for instructions on how 
to use this function.  Check for measured and actual amu to be within 0.05 amu and the 
peak width is less than 0.8 amu.   
A1.12 Instrument 
 This is one of the more important boxes.  On the main page, this is where you 
can turn on and off the plasma and the vacuum.  Pressures and other readings are 
given on this page.  An instrument diagram shows where a problem is located with an 
error message if something goes wrong.  Pay attention to any errors and record them in 
the usage log.   
The diagnostics tab has a list of every setting and read back for anything you can 
control or would need to monitor.  A drop down menu gives you the options to look at 
general readings, advanced (more complete) settings, vacuum settings, plasma 
settings, etc.  The white lines are the settings, and the gray lines are the read back 
values.  These should be the same for each setting.  If you (or a technician) are in 
service mode, there will be additional blue lines for service read back values.  You can 
also set up a monitor for one or several of these readings over time.  Most commonly 
we have used it for temperature.  The smallest unit for reading is every second.  You 
can set up how long you want it to monitor a temperature or set of values.  This is good 
for determining problems and causes.  If there is a problem, that line will be in red and 
the bottom box will have a list of problems and numbers for the code.  You can look up 
the code in the software manual, but most of the troubleshooting guidelines for those 
have not been very helpful.   
The maintenance tab has a short list of common maintenance procedures with a 
status bar showing how soon that procedure needs to be done.  Right click the bar 
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when you have done the procedure to reset the timer.  Everything on this list is just 
listed by time, so you may need to do the maintenance sooner or later depending on 
your instrument usage. 
A1.13 Devices 
 There are two tabs on this box we use currently, peristaltic pump and 
autosampler.  More detailed instructions on using these are listed in the main 
instructions for how to do a concentration only method. 
A1.14 Scheduler 
 We have not used this as much as might be useful, but this is a great tool for 
running samples with the autosampler while you are doing other things or overnight.  
You can schedule a warm-up and optimization to run while you are gone.  You will need 
to set a location for the tuning solution.  Then you can set it to wait, or immediately start 
analyzing your samples.  Program a rinse before shutdown if you are using this feature 
overnight.  Any time you want to check something before it moves on to the next step, 
add a wait time.  When you click on this box, a good example schedule will pop up that 
you can edit as needed for your run. 
A.2 Concentration only methods using Maggie 
These instructions are for typical concentration methods using the NexION 300Q 
(Maggie).  This method is for the EPA 200.8 guidelines.  If you have a method already 
written for a similar analysis, do everything the same, substituting your method name 
anywhere you see it say EPA 200.8.  If you need help writing a method, instructions are 
in a later section of this appendix.  Instructions for speciation methods will follow. 
1. Open NexION software icon on ICP-MS computer (allow to boot up) and record start 
time in Maggie’s online log. See problems section if this takes too long to load. 
2. Turn on chiller to the left of the computer on the floor. See maintenance for chiller. 
3. Check argon levels (gauge on the dewar more than ¼ and gauge on manifold over 
100 psi) switch to cylinders if needed.  Ensure the pressure going into the ICP-MS is 
set at 100 psi.  You can find this gauge in the back right corner of the instrument at 
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the back of the computer desk. See problems for argon if the pressures are not 
correct. 
4. Set up tubing for peristaltic pump, waste line in the back, internal standard in the 
middle and sample line in front.  T the sample and internal standard. Set internal 
standard line in water or nitric acid and then replace with actual solution before 
running samples.  For typical analysis, the waste tubing is gray-gray, the internal 
standard tubing is green-orange and sample tubing is green orange.  This ends up 
being a 2x dilution of the sample if you are using an internal standard.  Flow rates for 
each tubing are 0.26 mL/min when the peristaltic pump is set at 20 rpm.  Black-black 
sample tubing set at 20 rpm is 1 mL/min.   
5. To determine additional flow rates or dilution factors for the different tubing options, 
check out http://www.robinsonscientific.co.nz/tools.php. 
6. Make sure you did not adjust the spray chamber or nebulizer in the process of 
changing tubing. See problems for spray chamber and nebulizer placement. 
7. In the software, open the devices box.  Click on peristaltic pump tab. 
8. Type “20” into pump speed (rpm) box. 
9. Make sure tubing is lined up properly on rollers and lock in place.  Hold rolled 
clamps in place while shutting the straight bars with the adjustment knobs. See 
problems for bad tubing. 
10. Hook up tubing for autosampler and lock in place (thick tubing in the larger slot, thin 
one in smaller slot, slide on black piece and push lever up to lock). 
11. In the devices panel, open the autosampler tab. Autosampler type is S10, tray is 
S10TrayF-157 position. Hit initialize, go to probe button and hit goto rinse then ok. 
Close the devices tab. 
12. Put the sipper into rinse solution (2% nitric acid). 
13. Ensure solutions in tubing are moving in correct direction, sample and internal 
standard into Maggie and waste exiting.  Also check to make sure the waste 
container is not too full.  Empty into large white bucket if it is full. See problems for 
uneven/poor flow. 
14. Open the instrument panel and record the idle vacuum pressure on Maggie’s log.  
This value is typically around 1E-8.  See problems for vacuum if it is too high. 
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15. Click the start button next to plasma, enter time on the log.  If it does not light, try 
again.  See problems if you cannot light the plasma after a few tries. 
16. Allow the plasma to warm up at least 15 minutes before beginning 
tuning/optimization, and try to have it on about 45 minutes before you start analyzing 
your samples. 
17. While it is warming up, start loading your samples and standards and make sample 
file. 
18. Go to file menu, open workspace, EPA 200.8 
19. Click sample box on main toolbar. Enter sample information and autosampler 
location, including check standards every 10 samples (usually one of the 50 mL 
tubes).  In row one under measurement action, right click and then click run blank, 
stds and samples. Every other row will say run samples.  In the method column, 
right click and find my folder and click on EPA 200.8 and fill down. Save this file in 
your own folder. 
20. Record in the log the sample matrix, (ie. nitric acid, NaOH, groundwater, surface 
water, whether it was filtered, etc) and the analytes (for this method, EPA suite).  
Ideally, your samples will have been filtered through a minimum of a 0.45 µm filter 
and will have total dissolved solids (TDS) in the range of 0.1-0.2%.  If possible, dilute 
samples with nitric acid to meet this requirement.  Analytes near detection limits 
might be problematic in a high matrix solution with dilution. 
21. Click the SmartTune box and open CSMDaily.  You may also have your own 
optimization procedure.  Please do the CSM daily first to have a consistent record of 
performance, and then optimize for your analysis afterwards.  See instructions for 
your own optimization. 
22. Aspirate set up solution for 2 minutes.   
23. Click optimize at the bottom of list and click OK each time it asks you to aspirate 
solution before each optimization.  See optimization if one of the optimization 
procedures fails. 
24. Record vacuum running pressure in the log. 
25. Check results of daily performance and print out to see if it passed.  If it failed, find 
out why.  If the background is <4, ignore that it failed.  If the oxides are <0.03, 
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ignore.  If the oxides are too high, do a quick optimize (by right clicking name of 
optimization and then quick optimize in drop down menu) of the nebulizer gas flow 
and rerun performance check.  See problems for failed daily performance. 
26. Put sipper back into rinse solution. 
27. Record values of daily performance in the online log. 
28. Hole punch and put print out in the log binder (left most storage in desk). 
29. Click on the conditions tab and then file, save. Close conditions tab. 
30. Ensure you have an EPA 200.8 dataset open and minimized. Click dataset tab to 
check. 
31. Ensure you have the EPA 200.8 method open and minimized.  Click Cu method 
button to check.  Also, in the method box, click on the side report tab and enter a 
new file report name.  If you forget to do this, your data will be added to the file listed 
at the time of analysis. 
32. Ensure that you have the EPA 200.8 report file open and minimized. Click RptOption 
button. 
33. Make sure the internal standard line is now pulling internal standard and not water 
anymore. 
34. Go back to your sample file and highlight all samples to be analyzed. Click Build Run 
List.  If you are running overnight, check the autostop box and see instructions for 
peristaltic as well. 
35. Click analyze batch.  You are now running! 
36. It is a good idea to at least stay through your standards.  
37. Click on the CalibView button. Check each element for linearity (stats button will give 
you an R2 value) and if there is any point that is off for some reason and you can get 
rid of it, you can remove it by clicking on it.  It may be better to just rerun the 
standards if something is off.  See problems for poor linearity. 
38. Save your calibration file each time you run with your name, date and EPA200.8 in 
your own folder.  This will allow you to go back and reanalyze data at a later date. 
39. If you are using autostop (running overnight or while you are gone), reopen the 
devices window and go to the peristaltic tab. Click options and enable tubing saver. 
The tubing saver will spin the pump very slowly in one direction and then back in the 
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other direction when your analysis is finished.  This prevents the tubing from being 
damaged by being stuck in the same position cramped.  Since we change the 
sample and internal tubing routinely, this is mostly to help the waste tubing.  Turn 
this off feature when you get your samples in the morning. 
40. Before you leave, make sure there is plenty of nitric acid to last through the run. If 
there is not enough, the sipper will not be rinsed between samples, and you could 
have carryover issues in your data. 
41. If you are staying, wait until the end of the run. Rinse the lines with acid and then 
water before you turn it off. Go to the instrument panel to turn off the plasma.   Just 
hit “stop” on the plasma line. 
42. In the morning (if you did not stay), collect your samples. Clean up the area around 
the instrument. 
43. Turn on the pump and allow the lines to dry before turning off the pump. 
44. Unhook the tubing and release.  Do this for both the instrument and the autosampler 
pumps. 
45. Turn off the chiller. 
46. Export your data. Go to My Computer/NexION(C:)/NexION Data/Report Output. If 
your data is in the main folder, highlight all files and put them in your folder. Email 
files or save to a flash drive. 
47. Clean the cones as needed.  Be very careful if you need to remove the skimmer 
(inner) cones!!  Make sure it is fully tightened.  See problems for cones. 
48. Record cleaning, times and other notes in Maggie’s log. 
49. Thank (pet) Jerry for watching over your run, and you are done! 
A3. Common problems and fixes for Maggie 
The following section is a troubleshooting guide for Maggie, the NexION 300Q.  
Not every problem is covered here, and the software guide covers some basic 





A3.1. Software takes awhile to load 
 When the software takes awhile to load, it is often because the dataset folders 
have too many files.  This happens when someone does not check their dataset before 
running and their samples are added to one that is already large, often times the daily 
performance or default dataset.  Go to My computer/NexION (C:)/NexION Data/Dataset.  
Right click on the daily performance and default folders, go to properties and find out 
how many files are in each folder.  If there are more than about 300 (this number is very 
rough), make a new folder in the Dataset folder and move the files that do not belong 
there.  If you can identify files that belong to a lab member, label the folder with their 
name.   
 If you need to stop the program from loading while it is taking awhile, hit ctrl + alt 
+ del to stop the program.  Separate folders to a reasonable number and try to reopen 
the program.   
 To prevent this issue, make sure all lab members are using their own 
workspaces and datasets.  Individual workspaces ensure everyone uses their own 
method, sample files, report files and datasets.  If you close your workspace at the end 
of a run (by opening another like the Daily Performance workspace), you will prevent 
others from accidentally overwriting your methods or files.  New datasets should be 
made every month when in frequent use or about every 250-300 samples. 
A3.2. Argon pressure is too low 
 There can be several reasons for low argon pressure.  The first is that we are 
running low on argon in the dewar or cylinders.  Switch over to a new cylinder or have 
the dewar refilled in this case.  Make sure we always have a back up source of argon.  
You can check the pressure of a cylinder just by turning it on while it is hooked up to the 
manifold.  The pressure on the lower gauge only refers to the cylinders, and not the 
dewar. 
 To switch from the dewar to a cylinder, start by opening the valve on the manifold 
to the cylinder line.  Turn on the cylinder.  Close the valve on the dewar, followed by the 
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valve on the manifold to the dewar.  Doing it in this order prevents us from losing 
pressure, and it also prevents a build-up of pressure in the lines, which make it very 
difficult to open or close later.  There used to be some confusion about damaging the 
dewar due to back pressure from the cylinder.  We have tested this, and this is not a 
problem.  Argon from the cylinder will not flow into the dewar and damage it.   
 Another common cause for low pressure is low pressure in the dewar.  This 
typically happens after it has been filled.  It takes a little while for the gas pressure to 
build up inside.  On the right side of the tank, there is a pressure builder gauge and 
valve.  Make sure you are reading the right line on the setting gauge.  To set it at 200, 
follow the line at 200 up and twist the silver cap valve until it rests on top of the top level 
line, not directly next to 200.  Then open the green switch just a little.  This will build the 
pressure up.  Shaking the dewar by pushing it back and forth and swishing the liquid 
around helps, as well.  One thing to be careful of is setting the pressure builder too high 
or leaving it open too long.  We lost a tank of argon one week, and the General Air 
employee told me it was because the pressure builder had been left open at too high of 
a pressure.  The tank is built to relieve excess pressure, so we will lose that argon.  
Shut the pressure builder when you have enough. 
A3.3. Placement of spray chamber and nebulizer 
 If the plasma goes out mid run, it can be for a few different reasons, including 
loss of argon pressure, high matrix or water in the torch.  In this section, I am 
addressing the latter reason.   
 When you change the tubing or are working near the interface, be sure not to hit 
the spray chamber or nebulizer out of place.  The nebulizer can be set in the proper 
position by doing an “x-y scan” similar to the Elan set up.  To do this, go to method, 
open my folder, and then X-Y method.  Start a run using the set up solution and watch 
for one element, such as indium.  Gently move the nebulizer in and out until you get the 
highest level of counts.  Our setting tends to be with the nebulizer as far out as possible.  
Do your best not to pull the nebulizer out while you make this adjustment.  If the highest 
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counts are at a place too far out, you need to balance having it in there without 
collecting too many droplets and getting a high signal.   
 For the spray chamber, make sure it is not at too high of an angle in any 
direction.  Have it pointing very slightly downwards from the nebulizer.  There is an inner 
tube, and you need to make sure that is not angled and collecting water.  If the larger 
drops build up there and there is not enough space to go to waste, those drops will go 
into the spray chamber and up into the torch.  Water/acid build-up in the torch will 
distinguish the plasma.  The spray chamber can be gently adjusted by hand.  Try not to 
hit it too hard, because it will break.  It should rest easily in the holder.  Do not over-
tighten that piece.   
A3.4. Poor flow or uneven rates from peristaltic tubing 
 If you are getting poor flow or uneven flow rates in your tubing, there are two 
likely causes.  The first, and most common, is that the tubing is bad.  This happens 
frequently in the waste line if it was not unclamped.  You will notice poor flow or a back 
and forth motion of the liquid.  Check the tubing for wear: bends that will not go away, 
cracks in the tubing, or overly stretched tubing.  For any of these signs, replace the 
tubing with the flow problem.  Stretch the tubing gently a few times before you put it on.  
Allow it to sit on the rollers moving before you clamp it down. 
 Another cause for uneven flow is the tension is not set properly.  The little screws 
holding down the clamps may have been readjusted accidentally or they could be set 
for a different size tubing.  Be very careful when you go to readjust the tension.  Start by 
loosening the tension.  Allow a large enough air bubble to go through the lines so you 
can watch it.  Slowly tighten the tension until the flow rate is even.  Make one final ¼ 
turn and leave it at this setting.  Finally, make sure you have the tubing set in the right 
direction.  The pump spins counterclockwise.  The tubing from the top should go into the 
ICP-MS for the samples and internal standard and the waste line should be going into 
waste.  The bottom lines should go to the autosampler and internal standard container, 




A3.5. Vacuum pressure is too high  
 The vacuum pressure can be high before turning on the plasma.  This symptom 
can indicate several problems.  The easiest fix is that if the vacuum was turned off, it will 
just take some time to go back down to pressure.  Find out why the vacuum went off.  It 
can be a power issue, a mass spec issue, or the argon went out.  You need a constant 
argon flow to maintain a vacuum.  This is the main reason to keep argon running even 
when no one is running.  It takes time to get the vacuum pressure back to normal after 
we lose argon and the vacuum.  If the power goes out in the building, the vacuum will 
also go out.  Check the event log to make sure nothing else is wrong. 
 If none of those issues are to blame, you may have a leak in one of the vacuum 
lines or the connections.  Do your best to tighten all the lines and connectors, and if all 
else fails, order a service call. 
 If the vacuum pressure is too high while running, and it was good before turning 
on the plasma, there may be an issue with the cones.  Turn off the plasma and check 
the cones for damage.  Blocked cones can also create vacuum problems.  Maintain the 
cones and check routinely for damage, only using cones that are in good condition.   
 There are two roughing pumps and the turbos.  It can be difficult to determine 
where the exact problem lies, so if you are in doubt, call the service technician.  One 
pump may be working too hard to make up for the one not working, and this can be 
difficult to find on your own.  Maintain the pumps and change the oil as needed.  See 
maintenance on this. 
A3.6. The plasma will not light 
 This is another symptom with many possible causes.  Try to light the plasma 
again.  Sometimes, it just did not light on the first try.  Simple things to check are argon 
pressure, vacuum pressure and the main instrument panel for specific causes.  Often, a 
reason will be given on that page if there is an instrumental problem.  These problems 
can be addressed in the manual or by calling the service technician. 
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 Things that you can do to fix plasma problems are as follows.  Check for water in 
the torch.  This has happened a number of times.  If the waste tubing is bad or the 
instrument peristaltic pump is not turned on while liquid is entering the instrument, waste 
water will build up in the torch and extinguish the plasma.  If this happens, you need to 
remove the torch to dry it out.  From the front of Maggie, there are two metals turn 
knobs, turn them 180° until you can slide out the interface box.  It is a good idea to 
remove the spray chamber first by rotating the circular metal piece holding it in place.  
Turn it until you can pull off the spray chamber.  Once you have the box with the torch 
out, unscrew the white Teflon pieces connected to the torch argon lines.  Pay attention 
to the locations of the plasma and auxiliary lines so that you put them back correctly 
when you are done.  Be careful not to scratch the torch when you pull out the ignitor.  
This is another place to check if the plasma will not light.  Make sure the ignitor is clean 
and connected properly.  You can clean it with a kim wipe or fine sand paper.  After that, 
twist off the pieces holding the torch and gently twist off the torch.  Collect the 
water/acid using kim wipes or paper towels, and dry with nitrogen or argon.  Check the 
o-rings for damage, replace if needed, and dry them off before continuing.  Clean 
anything from the injector.  Once everything is clean and dry, replace the parts as they 
came.  Push the assembly back into the instrument and turn the knobs to lock in place.  
Diagrams and pictures of this can be found in the manual.  Before continuing analysis, 
you will need to do a torch alignment. 
 After cleaning and when checking for plasma problems, check all argon fittings 
on the torch and connecting areas.  Make sure the cones and spray chamber are in 
place and tightened properly.  Loose parts and fittings could lead to the plasma not 
lighting.  Check the spring fitting of the interface.  If this does not return to flush, the 
door may not be shutting properly.  Push on the springs and adjust until it is flush with 
the outer ring.  See figure A1 for a photo of this.  To clean it when you cannot get it to 
return to normal, remove the four screws and the waste tubing at the bottom.  Pull off 
the ring, and then remove the back screws.  Then you can separate the parts.  Clean 
with methanol and kim wipes.  Makes sure you remove all dust and dirt and the spring 




Figure A. 2. Interface spring being adjusted.  The inner spring ring should be flush with 
the outer and inner metal rings. 
 In a few cases, I have seen the plasma not light or extinguish due to the sample 
matrix.  Samples high in organics, TDS and non-aqueous samples have led to plasma 
instability.  Dilute your samples appropriately and avoid non-aqueous matrices 
whenever possible. 
 We have had problems with the plasma when the air vent system was down.  
Check the vent system with a kim wipe to ensure it is pulling, and if you suspect that the 
flow is too high or low, get facilities to check the flow rate and system until it is working 
properly. 
 Finally, if all else fails and you cannot pinpoint the problem, deeper instrumental 
problems may be responsible and you will have to contact the service technician to fix 
the problem.  Make note of everything you did to identify the problem to help the service 
engineer understand the problem. 
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A3.7. Optimization procedure failed 
 The first thing to check for this is that you are using the correct tuning solution 
and that the sample flow is even with no bubbles.  Bubbles can lead to poor precision 
and bad optimization results.  Clear the bubbles by tapping or cleaning the affected 
areas.  Particles in the sipper connector have been problematic.  Bubbles also come in 
when the tubing connectors are not tight enough or have worn out.  Check all of these 
to find the source of bubbles. 
If you did not allow the set up solution sufficient time to equilibrate and get to the 
instrument, it is likely your torch alignment failed.  This will cause all of your results to be 
poor.  Repeat the procedure after you have allowed the solution to get to the instrument.   
If the nebulizer gas flow optimization failed, check for common issues, and then 
check the values written into the optimization method.  If the range is too small, or if it 
does not cover the optimal settings, adjust as needed.  For example, if your counts are 
low, your oxides are extremely low and the neb gas flow is at the highest for the range 
written in the method (0.9 if your range is 0.7 to 0.9), you may need to increase the 
upper bound (0.95 or 1.0 in the case listed).   
Along the lines of changing the range and boundaries, check to make sure you 
are using the correct tuning procedure.  People may have their own and you may have 
accidentally opened the wrong files.  Or, someone adjusted the parameters to optimize 
on their specific analyte, and rather than doing it in their optimization file, the change 
was made to the CSM daily file.  The torch alignment should calibrate on indium, the 
neb gas flow on Ce/CeO ratios and indium counts, and the autolens has default 
elements.  If these have changed, changed them back and save it.  For your own 
optimization, see the section on writing your own method. 
Another reason for failed optimizations is a bad mass calibration.  For some 
reason, our software has some glitches, so to do a mass calibration, follow these 
instructions.  Click on the mass cal box in the tool bar.  Open the method box, go to file, 
open, folder: Valerie, then Val mass cal.  This method file has the missing elements in 
the regular mass cal file.  Then on the mass cal box, hit calibrate.  Repeat this 
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calibration until the masses are within 0.05 amu of the expected value and the peak 
width is less than 0.8 amu.  This may take a couple tries, but it will eventually work if 
there is not a major problem.  The only time we have had a major problem was when 
the deflector was dirty.  You cannot check this, but we knew it was dirty because of 
melted cone o-rings.  Figure A2 is an example of the damage done to the deflector from 
a burnt o-ring. 
 
Figure A.3. Damaged deflector. This was caused by a burnt o-ring traveling past the 
cones.  The front should be shiny silver with no discoloration. 
Once you have checked everything, rerun a full optimization.  Check the manual 
if your problem has not been addressed here.  Figure out what went wrong and what 
might be the cause to determine what other optimizations you might need or parts you 
may need to check. 
A3.8. Daily performance failed 
 Check the report to determine what failed.  The report on the computer screen 
should break it down so you won’t have to do too much thinking.  The most common 
reason for Maggie is that the background is too high.  The software sets the background 
to be less than 2.  I would say if it is under 4, just ignore that it failed.  An extra couple of 
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counts when you are looking at hundreds of thousands is negligible.  I check with the 
Perkin Elmer folks about why ours is higher.  We run our RF at 1600 W, which is on the 
higher end.  While this helps to ionize more difficult elements (because of ionization 
energies) like arsenic, it tends to create a very slightly higher background.  There is no 
reason to fret if the daily performance fails for background slightly above 2.  If it is very 
high, tens or hundreds of counts, there is a problem. 
 High background can come from a leak in the system of from contamination in 
the instrument.  If you cannot locate the cause, call the service technician to fix it. 
 If the oxides are too high, rerun the nebulizer gas flow optimization to get them 
back down.  You can judge for yourself if the oxides are just outside the range if you 
need to do this.  I usually don’t bother if it is still under 0.03 when the setting is 0.025.  If 
your samples depend on sensitivity and you need to minimize oxides, then lower the 
gas flow until your oxide requirement is met.  Keep in mind that higher neb flow leads to 
higher analyte counts and vice versa.  If you need high counts and low oxides, you need 
to find the best balance for you. 
 If your doubly charged counts are high, increase the nebulizer gas flow.  Doubly 
charged and oxides are oppositely affected by changing the nebulizer flow rate.  If these 
counts are very high, you may have a contamination problem due to a burnt o-ring or 
Gd contamination.  Clean the system well before continuing with a stronger nitric acid 
(5% should be fine) solution. 
 If the overall counts are low, determine if they are low for all elements, or just 
certain ones.  This will help you determine how to fix the problem.  If all of them are low, 
it is a general setting that is off, most frequently your neb flow rate is too low.  Increase 
the flow rate in this case and make sure there is no blockage in the sample tubing, 
nebulizer or other lines.  If only some of the counts are low, this is due to a calibration 
issue.  Rerun the autolens calibration and check the curve on the autolens results tab of 
the Smart Tune.  Check the R value for this as well.  Rerun the optimization until it looks 
correct.  You may also need to do a mass calibration if only some of your elements are 
too low.  See above for instructions on how to do this. 
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 General things to check are tubing condition, proper alignment and tightening of 
all fittings and instrument cleanliness.  Sample introduction is often the root cause of 
bad results.  Check tubing, spray chamber, nebulizer and tubing connections for 
particles, blockages and crimps.   
 If your problem is not addressed here, there may be some additional information 
in the manual.  Generally, if the instrument is working, we have not needed to call 
service for low counts.  You should know when something is drastically wrong, like in 
the case of a bad deflector; our counts were less than 1000 and nothing would work to 
improve them. 
A3.9. Standards are not linear, sample values seem off 
 I have encountered a few possible reasons for this problem.  The first thing I 
would check is the internal standard.  Occasionally, the internal standard will be 
unusually high or low for one replicate, making the average concentration off.  Rerun 
the standards if they were affected, and make sure the internal standard bottle is full, 
the tubing is actually pulling standard and there is no blockage in the line.  The tubing is 
very skinny, so it is easy to get a particle stuck, leading to inconsistent internal standard 
(IS) values.  If it is written in your method to ratio your sample analytes to the internal 
standard values, any problem with the IS will be reflected in your sample 
concentrations.  Be aware of this.  This is often the reason for a poor RSD of your 
sample concentration.  Put a cap gently over the IS solution to prevent things from 
getting inside. 
 For samples with a large concentration range, non-linearity if often due to an old 
or missing dual detector calibration.  Go to the conditions box, click on the dual detector 
tab and verify there is a calibration in place.  If it is missing, your problem is solved.  If 
there is one, it may be old, so check when it was last run.  I recommend running one 
every two weeks.  To run a dual detector calibration, you need to do both the pulse and 
analog detector calibrations first.  Click on the Smart Tune box, and add the calibrations 
you wish to perform.  Use the set up solution for the pulse and analog detectors, then 
switch to the dual detector solution.  Wait 2 minutes for the solution to reach the 
134 
 
detectors before beginning the calibration.  One thing to keep in mind is that if you for 
some reason ever need to redo any of the detector calibrations, you need to recalibrate 
ALL of them again, or the calibrations will be lost.  This is how we most often “lose” dual 
detector calibrations. 
 Finally, the last suggestion for poor data is the matrix.  I have seen bad precision 
of huge changes in the internal standard values if the matrix was not matching the 
standards, if it was too complicated, or if the TDS was too high.  If at all possible, dilute 
your samples with nitric acid and rerun them. 
A3.10. Cone issues 
 The biggest problem with the cones is making sure you have the skimmer cone 
screwed in properly.  The o-ring can get caught and fool you into thinking it is fully 
tightened, but keep turning it until you cannot turn anymore.  You should feel metal on 
metal, and not a springy tight from the o-ring getting stuck.  If the skimmer cone is not in 
properly, it will loosen up and the plasma will burn up the o-ring.  When this is not 
caught in time, the charred o-ring pieces can travel further into the instrument and 
damage the deflector or lens components.  Make sure you get the cones in properly!  If 
they are out of place, check the o-ring as soon as you suspect damage to prevent 
things from getting worse.  You will need to clean out the area very well with kim wipes 
and methanol to remove the char.  Clean the gate, the cone holders and the area 
between very well.  If you can see char, it needs to be removed.   
 If the o-ring gets damaged, check the condition of the skimmer and hyper-
skimmer cones.  These can get damaged as well.  Clean off all o-ring char well.  Make 
sure the screws holding the hyper skimmer have not been broken or degraded to the 
point where they will not hold the cones in place.  New screws and cones can be 
purchased from Perkin Elmer.  Do not use damaged cones, screws or o-rings while you 
are running. 
 Cones can be damaged if they are dropped or struck by something.  Every time 
you clean the cones, inspect the orifice for damage or blockage.  If the cone has been 
dinged and shows dents near the orifice, this will change the sample flow and your 
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results.  Ed Dempsey may be able to help you carefully remove the dent, but it is likely 
you will need a new cone.  If you place the cone down, always make sure the tip is up to 
prevent damage.  See maintenance for keeping the cones in good condition. 
A4. Maintenance for Maggie 
 Most of the required maintenance has reminders in the software so you know 
when a service is required.  These reminders are based on time past since the last 
service date, not by actual usage or condition.  The message will pop up in the 
instrument panel.  Go to the maintenance tab to see the list.  When you have finished 
the procedure, right click on the red (or yellow if you do it before needed) bar and click 
reset.   
A4.1. Vacuum oil 
 The oil in the NexION pump only needs to be replaced once a year.  If you are 
keeping up with yearly changes, we are on a fall schedule.  It is fairly expensive, but it 
can be cleaned if you send it away.  Occasionally monitor the oil for it getting dirty 
sooner.  Look in the circular window.  It should be a pale to medium yellow color.  If it 
looks brown or tea colored, it needs to be changed.  Also verify that there is no oil on 
the pan holding the vacuum (ensure it is not leaking). 
 Get a funnel and large beaker to collect the old oil.  Use an Allen key to open the 
drain valve and collect the waste oil.  Either submit this as waste and label as used 
vacuum pump oil, or send it to get cleaned.  Make sure you have new, clean oil to put in 
the pump.   
A4.2. Filters 
 There are two filters listed on the maintenance page.  One is in the upper back 
portion of the instrument by the coolant lines.  This one has a metal frame and handle, 
and you slide it in and out to replace.  The second one is on the left side.  This one is 
larger with no frame.  Unscrew the side panel to get to this filter, pull the old one off, and 




 Besides making sure you put the cones in properly, make sure you keep them 
clean. The procedure we use for daily cleaning is not sufficient for all situations, and you 
should make sure to clean them better occasionally.  Sonicating in water or a detergent 
for an hour or so usually helps.  The sampler cone fits very nicely into the cap of a 50-
mL tube.  Place it face down in your cleaning solution.  The cap goes in a beaker with 
some water in the sonic bath.  You can use a 15 mL tube propped up to clean the 
skimmer cone in a similar manner.  If you need to sonicate in acid, do not leave them for 
very long (only a few minutes).  Check out this link for more complete cleaning 
procedures.   
http://www.spectronus.com/uploadcache/1253135846-Cone_Cleaning_Final_909.pdf 
The platinum cones can be refurbished through Spectron or recycled through 
Perkin Elmer (PE).  Right now, we are not using platinum cones, so we may be able to 
get a refund or credit if we return the old Pt cones to PE.  There is no program I am 
aware of for the nickel cones. 
A4.4. Torch and injector 
 The torch and injector do not typically need to be cleaned much.  If you do need 
to clean them, follow the procedure above for removing the interface box to get to them 
and be very careful not to break the glass pieces.  I usually would just rinse the injector 
by spraying water or nitric acid through it.  Wipe around the end to get off any caked 
salts.  Dry with nitrogen.  The torch can be rinsed or sonicated if it is really bad.  Make 
sure it is completely dry before you put it back together.  Water build up in the torch can 
lead to the plasma not lighting.  If the torch shows any sign of melting or cracking, 
replace it with a new one.  Try to keep a spare on hand.   
A4.5. Spray chamber and nebulizer 
 Twist the metal ring holding the spray chamber in place to remove it, being 
extremely careful not to break one of the glass fittings or tubes coming off it.  Gently 
twist and pull the waste line tubing from the bottom of the chamber to clean it.  
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Generally, I would rinse it out with water by blocking two of the holes and filling it 
halfway then shaking.  Let the water drain out.  Use a mild detergent if there were 
organics stuck inside it in a similar manner.  Then rinse it with nitric acid or water to get 
off any remaining contamination.  I have never needed to sonicate the spray chamber, 
but if it is done carefully, you might be able to.  We have a couple spare spray 
chambers for different uses.   
 The nebulizer cannot be sonicated.  It will damage the fine tip and how it sprays.  
To check the flow and spray through the nebulizer, pull it out from the spray chamber by 
loosening the plastic connector on the spray chamber holding it in place.  Turn on the 
peristaltic pump and argon flow through the nebulizer.   Look for straight, even spraying 
and fine droplets.  We have fine copper wires that you can use to push out tiny particles 
that may get stuck, but be very careful not to break or scratch anything if you do this.  
You can soak the nebulizer in a weak acid to try to break down particles as well.   
A4.6. Tubing and sample introduction 
 Most problems we have had with data ended up going back to a simple problem 
with the sample introduction system.  This includes the sipper, all tubing into the 
nebulizer, the neb and spray chamber.  We have talked about some of this already, so 
this part deals mostly with tubing.  Change the sample and internal standard peristaltic 
tubing as needed.  This tubing stretches out unevenly, and you can get pulses in flow if 
you are not changing it.  The tubing also sorbs metals and releases contaminants into 
the sample depending on the strength of acid or matrix.  If you notice anything strange 
in your data, poor replication of data, high background or inaccurate checks, the tubing 
is the easiest thing to fix.  Replace the peristaltic pump tubing.   
The remaining tubing is Teflon, so it reacts less, but it gets bent and worn out 
over time, so I recommend changing it about every month to 2 months.  This tubing is 
found in the drawers in the hood next to the ICP-MS.  Make sure you grab the right size 
tubing.  Changing the inner diameter (ID) or length of tubing will alter the time it takes 
for the sample to reach the detector, and you will have to rewrite methods to account for 
this change.  Try to use the tubing cutter whenever possible.  If it is not available or your 
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tubing will not fit, do you best to cut straight through the tubing with no angles or rough 
edges to your cuts.  When you reconnect the new pieces, make sure you push them 
together tightly and there are no bubbles when you turn on the pumps.  If you need 
additional connectors to make sure things fit right, make sure you try to keep the IDs as 
similar as possible.  The fewer the connections and pieces the better, but you need to 
make sure you have no bubbles and when you change tubing you are not adjusting any 
of the settings.  This is particularly important with the nebulizer connections.  It is very 
easy to move the position of the nebulizer as you push new tubing into it, and changing 
its position will really affect your counts. 
A4.7. Chiller 
 The chiller does not require a lot of routine maintenance, but it is good to check 
its condition every two weeks or so.  Check the fluid level by pulling the chiller out from 
under the ICP-MS table.  In the back right corner on the top, there is a cap to the chiller 
fluid reservoir.  It can be difficult to see exactly where the liquid level is, so be sure to 
test it.  Make sure it is completely full using the chiller fluid provided by Perkin Elmer.  
This is a 50/50 mixture of water and ethylene glycol with a copper inhibitor.  They 
recommend we only use their product and not the 50/50 mix we used for Elaine.  There 
are several 1-L bottles in a box in the hood by the ICP-MS.  If the stock is getting low, 
order more at the Chemical Storage and Distribution Facility (CSDF) in room 30. 
 Occasionally, the chiller fluid gets really dirty, and it will need to be changed.  
This has happened because things were growing in the chiller lines.  Turn off the chiller 
and pull it out from under the ICP-MS.  Get a large bucket and put it behind the chiller 
where the lines enter and exit the chiller.  Get two large wrenches and use one to hold 
the elbow joint in place, and the other to unscrew the line.  I would usually unscrew the 
line going into the ICP-MS, the chiller exit line.  Check the flow direction for which one is 
inlet and outlet and if it means inlet for ICP-MS or the chiller.  When you are close to 
having the line unscrewed, make sure the bucket is ready to catch the fluid that will pour 
out.  To get all the fluid out, turn on the chiller to get it moving, and wait until nothing 
else comes out.  Check the lines for visible dirtiness.  Unscrew the top and side panels 
to see the lines.  If they are dirty, it is easiest to replace them rather than clean them.  
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There should be some of this thick tubing in the tubing drawer (bottom left) next to the 
entry door for 260A.  Reconnect everything when you are done.  Use new Teflon tape 
on the chiller lines and fittings.  Fill up the reservoir with new, clean chiller fluid from PE.  
I believe it takes about 5-6 liters to do this.   
 The final thing to check for the chiller is the filter screen in front.  To do this, turn 
off the chiller and pull it out through the side slot.  Inspect it for dust and lint collection.  
To remove the dust, pull it out by hand, vacuum it off, or go outside and hit it against the 
wall to loosen it up and the blow things off it.  To get it back in the slot, you need to 
make sure the chiller is still off.  When it is on, it will be pulling air through the front and it 
makes it very difficult to put it back.   
A5. Writing a new method for ICP-MS 
 For the most part, the best recommendation I have for writing new methods is to 
adapt one that is already in use for your application. 
A5.1. Quantitative analyses – concentration only 
1. Start by opening either the EPA 200.8 (many analytes) or Uranium (just one or a 
few analytes) methods in the folder labeled “Valerie” under the method box.   
2. Now go to file, save as, and enter a new file name in your own folder.  This will 
prevent any changes you make from being made or saved to my method files.   
3. On the timing tab, change the analytes to the ones you would like to analyze.  If 
you would like to have more than one isotope, type the element name in a new 
bar and right click on it to choose the other isotope.   
4. Check the reading times.  The EPA method has 50 ms times, and the uranium 
method has 200 ms times for the analytes.  Longer time gives you better results 
and often lowers detection limits by reducing the standard deviation.  It also 
increases your overall analysis time, which is why the EPA method has shorter 
reading times. 
5. Set the analyte groups.  Go to edit, ungroup to remove the groups I had set.  
Then highlight the rows of the elements you would like to group. Go to file, edit, 
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define group.  Do this for all groups if you have more than one.  You will notice 
on the left side of your analyte list a bracket of those elements. 
6. Set the internal standard(s).  Make sure you set the group first.  In the past we 
have used indium, germanium, bismuth, or yttrium as internal standards.  To pick 
one, you want one with similar mass and ionization energies as your analyte.  
Highlight the row of the element that will be your internal standard.  Then go to 
edit, set internal standard.  Now, in the bracket, there will be an arrow pointing to 
the one you set as the internal standard. 
7. At the top, you can set the number of sweeps, readings per replicate and number 
of replicates.  For concentration only methods, I have usually set these as 25, 1 
and 3, respectively. 
8. On the processing tab, there are a lot of defaults that for most analyses you can 
leave as it is.  If your concentrations are either high concentration or span a 
range of low to mid-high concentrations, make sure the dual detector box is 
checked.  If you are positive the concentrations will be low for all samples, you 
can use just the pulse detector.  For averages, we usually have “process spectral 
peak.”  If you are looking at more than one element (even if you have one 
element and an internal standard), use the autolens.  If you only have one 
element, you can still use it, but you can also set a deflector voltage optimized for 
the one element (see writing your own optimization).  Select the other options as 
you see fit.   
9. Go to the equation tab.  If there are equations automatically in the software for 
your analyte, decide if you want to use that equation.  Remove it if you do not.  
Check my arsenic methods for examples of measuring your analyte with and 
without the equations.  If you have a paper with an equation you would like to 
add for an interference, this is where you will add it.  So far, we have only done 
this for the EPA 200.8 method.   
10. On the calibration tab, add in the concentrations for all standards you will make.  
I recommend at least three concentrations for each analyte.  Make sure to go to 
the drop down menu to select the units for your concentrations.  If you have more 
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than one element in standard 1, make sure you type that in the proper column for 
standard 1, and so on. 
11. Choose the locations for your standards on the next tab for sampling.  Typically 
location 0 has your blank, usually nitric acid.  Then your samples go in the next 
50-mL slots.  Samples typically start at location 9.  Also on this tab are the 
settings for flow and read delays.  Using the tubing we have currently, set the 
sample flush for 80 seconds at -30 rpm.  Set the read delay to 20 seconds at -20 
rpm.  The analysis flow rate will automatically set to -20 rpm.  Wash for 45 
seconds at -24 rpm. 
12. Go to the vertical side bar on the right and click on report.  In the send to file 
section on the right, check the box “send to file.”  Make sure you add an 
appropriate report output file.  You can use the EPA one or the one called 
Valerie.rop to get concentration, replicate and standard deviation data.  In the 
report output area, make sure you put in a new file name for each analysis.  In 
case you forget this your next run, check the box “append” so that no data is lost.  
Be sure “use separator” is checked. 
13. Save your method.  Then follow the instructions listed for running the instrument 
when you are ready to begin. 
A5.2. Real time analyses 
1. Start by opening the method in my folder called Val As HPLC.   
2. Go to file, save as, and enter a file name in your own folder.  This is to prevent 
any changes from being made to my method files. 
3. Change the analytes to be the ones you wish to measure.  Delete or add rows as 
necessary.   
4. Decide how frequently you would like to get a data point.  If you wish to have a 
reading every second, change the number of readings to add up to 1000 ms.  
Elements you need to be more accurate should have longer reading times.   
5. Set the number of readings/replicate to the length of your experiment in seconds 
(if you have a point every second).  The other two boxes (sweeps and replicates) 
should both have 1 in them. 
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6. Go to the report tab on the vertical toolbar on the right.  Find my As HPLC report 
output file and use that one to get time versus intensity data for all of your 
analytes.   
7. Save this file. 
8. To run real time samples without the autosampler, open the sample box and go 
to the manual tab.  Type in a sample name and hit analyze sample.  You will get 
a new report file in the results folder for every sample analyzed.  Make sure to 
then move these to your own results folder. 
A5.3. Individual optimizations 
 You can design an optimization procedure specific to your analytes and analysis.  
To keep a consistent record of how the instrument is performing from day to day and 
over time, please run the CSM daily optimization procedure first, print the report, and 
then optimize for your own analysis.  These are instructions for designing your own 
SmartTune procedure.  General things to keep in mind are that you need to write a new 
method for each optimization, add the element to the smart tune box and make sure it is 
using the correct method.  The biggest thing is to make sure you do “save as” for every 
change you make, to all methods and to your entire Smart Tune.  If you do not, you are 
changing the CSM daily procedure and it will mess things up for other users and change 
your settings for monitoring performance over time. 
1. Open the SmartTune box on the top toolbar. 
2. Decide what optimizations you would like to perform routinely for your analysis.  
Click on “edit list” to find the options.  Use the two lists to add and subtract 
optimizations as you desire.  A typical list would include a torch alignment, 
nebulizer gas flow, autolens/deflector and a daily performance.  You can add 
detectors, but I recommend leaving them so you do not make changes for 
everyone else.  Also, the current detector calibrations should already be done for 
your element.  Click OK when you are done. 
3. For the most part, the torch alignment is probably fine with its original setting 
looking at indium counts.  If you do want to change it to be your analyte, click on 
torch alignment on the left list.  In the box on the right, look at the optimization 
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settings.  Click on the method box with the Cu symbol.  It should be the torch 
alignment method with indium as the analyte.  Change the analyte to your own 
and save the method with a new file name by going to file, save as.  Back in the 
Smart Tune box, browse for your new torch alignment method and select it.  
Then change the analyte in the lower box to be yours and save the Smart Tune 
as your own smart tune.  It is very important that you save as your own so you 
are not rewriting the optimization procedure we all use routinely! 
4. The current settings for the nebulizer gas flow rate are to optimize on highest 
indium counts and lowest oxides on cerium.  Select neb gas flow on the list and 
like above, hit the method button, and change the analytes.  Save this as your 
own optimization file.  Then go back to the smart tune and change the intensity 
section to be the highest counts of your analyte.  The current formula is CeO/Ce 
to be less than 0.025 or 0.030.  If you want to control oxides on your analyte, you 
would change this formula. 
5. Do not change anything on the autolens calibration!  This has a specific formula, 
and it needs to be done for the elements in the method as written.  If you are 
running more than one element, just keep this calibration as it is.  If you are only 
running one element with no internal standard, or an internal standard with a 
mass very similar to your analyte, you can do a deflector calibration instead of 
the autolens.  Make sure you then turn the autolens off in your analysis method 
(processing tab of the method box).  The deflector calibration currently uses the 
same method as the neb gas flow – optimize.mth.  Set the method to be the one 
you wrote for your own nebulizer optimization, even if it has extra analytes for 
oxides.  Then set it to intensity of your analyte, not indium.   
6. This should be sufficient for your own calibration and optimization.  Be sure to 
save all changes to your own SmartTune file.  Run your procedure after you have 







SPECIATION ANALYSIS METHODS 
These instructions use “Ian,” the Dionex ion chromatography set up and AS/AG-
16 anion exchange columns.  It is specific for arsenic and thioarsenic speciation.  This 
method can be adapted for other uses with appropriate columns and eluents.   
B1. Speciation method instructions 
1. Start by turning on Maggie as described above in section A2.  Follow the instructions 
through tuning and optimization (steps 1-28).  To do speciation, you can ignore 
steps 9, 10 and 16-18.  Also, only sample tubing is needed, no internal standard or 
“T.” 
2. While Maggie is warming up, move the chromatography cart over to the ICP-MS.  
Plug in all three cords (Dionex pump, Alltech pump and suppressor) to the nearest 
power strip, likely to be next to the FFF cart.  Put both waste lines in a large 5 gallon 
waste bucket. 
3. Make sure there is enough eluent in each bottle.  “A” is 100 mM sodium hydroxide, 
and “B” is deionized water. 
4. Check the filters at the end of each eluent line for clogging.  Clean in acid or by 
sonication if they are clogged. 
5. Connect the nitrogen gas lines to the tank next to the Perkin Elmer 3000 ICP-AES.  
If no one is using the 3000, turn off flow to that instrument, and open the valve to go 
to the IC.  Open flow to the nitrogen tank.  See problems for nitrogen tank fixes. 
6. Undo the gas line at the T, and put the line into the water or NaOH Eluent bottles.  
Bubble nitrogen through the eluent bottles for 10 minutes on a low flow. 
7. Reconnect the nitrogen line to the T when you are finished.   
8. Reset the flow of nitrogen to about 7psi over pressure.  To do this, pull up on the 
twist knob and then turn to 7. Push down on the knob to set it. 
9. Turn on the Dionex pump. 
10. Ensure the column is connected to the injector and suppressor and that all fittings 
are tight.  See problems for bad connections. 
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11. Prime the eluent lines and pump head.  Specific instructions for this can be found in 
the Dionex GP40 manual.  Make sure the priming lever is to the left and the 
pressure valve it open.  See problems with priming. 
12. Turn on the Altech pump and prime.  Place syringe in priming block outlet, twist 
open and press prime.  Pull out the syringe to collect the flow.  Wait until no bubbles 
come out. 
13. Place line exiting suppressor into a waste beaker until you connect it to the ICP-MS. 
14.  Turn the pump flow from priming to the column.  The lever should be to the right 
and the pressure valve closed.  Run in Direct Control mode.  I usually run a 40:60 
mixture of NaOH to water while Maggie is warming up.  This is the starting 
concentration for separations.  To do this, scroll to A and type in 40.0 and 60.0 in the 
B line.  C and D should both be set at 0.   
15. Make note of the pressures. See problems for high pressure. 
16. Turn on the Altech pump to 3 mL/min water.  Make sure this water bottle retains 
enough water for the duration of analysis. 
17. Turn on the suppressor. Ensure that the green light stays on.  Typical setting for the 
suppressor is 3.  See problems if the suppressor is not working. 
18. Once Maggie is ready, connect the line exiting the suppressor to the nebulizer 
connector on Maggie.  Be sure not to adjust the nebulizer or spray chamber. 
19. On the NexION software, go to file, open workspace, Val As HPLC.  Check that you 
have the correct method and report files.  Find your most recent dataset. 
20. Open the real time window to watch your data.  Go to options to set the x and y 
parameters.  If you zoom in and wish to go back, use this feature, or the left most 
button of a straight line on an x-y plot. 
21. When you are ready to begin your analysis, go to Method 37 on Ian.  To do this, 
scroll over to where it says direct control and hit select up or down to change it. 
22. On the NexION software, click on the sample button and the manual mode.  Type in 
your sample name, making sure you have a new file name for each sample or 
replicate. 
23. Rinse the flat tipped syringe with water and then your sample.  Refill the syringe with 
more sample, ideally more than twice the size of your sample loop, which is currently 
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50 µL.  I fill the 100 µL syringe to past the 100 mark.  See problems for injection port 
issues. 
24. In “LOAD” mode on the injection port, push your sample into the loop.  Make sure 
not to inject air bubbles.  You may need to tip the syringe upside down and tap the 
bubble to the top to push the out.  If you are unable to do that, do not inject the 
whole sample in the syringe for analysis.  Push the bubbles out following sample 
injection. 
25. Switch the injection port to “INJECT” mode.  At the same time, hit run on Ian and 
analyze sample on the NexION software. 
26. Wait about 10-12 seconds and then switch back to LOAD mode.  If you do not do 
this, the pressure will be lower throughout your run and the retention times will be 
longer. See problems for other common causes for changes in retention times. 
27. A full run is 1000 seconds, or 16 min 40 sec.  Allow the timer to go to 20 minutes 
before injecting a new sample.  This allows for the column to be cleaned and re-
equilibrate to the 40:60 mixture. See problems for carryover. 
28. Inject your replicate samples or the next sample.  I typically ran each sample and 
standard in duplicate. 
29. If you are just running arsenite/arsenate speciation, you do not need the gradient or 
the 1000 s analysis time.  Run Ian in direct control mode with a 40:60 mixture.  On 
the NexION software, go to method (the Cu button) and adjust the time to 400-600 
seconds.  A 400s run is usually sufficient to elute both peaks in a clean column.  A 
600 s run is used for dirty columns or to ensure there is no thioarsenic species. 
30.  When you are finished running, disconnect the lines connecting Ian and Maggie.  
Rinse nitric acid through the lines on Maggie. 
31. Turn off the plasma as instructed above. 
32. Rinse the column with 100 mM sodium hydroxide followed by the 40:60 mixture.  
Disconnect the column, cap it, and clean the pump lines with water to prevent salting 
or degradation due to high pH.  Turn off the suppressor and Altech pump while you 
do this.  
33. Unplug and coil up all cords and waste lines under Ian on the bottom shelf. 
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34. Turn off the nitrogen and disconnect the lines.  Close the valve to Ian, and reopen 
the valve to the 3000 so that ICP users will have access to it (they do not usually 
check this line). 
35. Return Ian’s cart to its appropriate location. 
36. Clean up areas around Ian and Maggie.  Follow clean up instructions above. 
37. Collect data from computer.  I used Excel and Origin to process this data.  Data 
processing is covered in a later section. 
B2. Common problems with ion chromatography method 
This section presents common problems and troubleshooting tips for running the 
ion chromatograph (IC) for speciation purposes. 
B2.1. Nitrogen tank pressure is low 
 Like the argon, there are a couple reasons for low nitrogen pressure.  Make sure 
the nitrogen is turned on, the line to the IC is open and there are no folds in the tubing 
lines.  If these are fine, you are probably out of nitrogen.  Check the pressure gauge.  If 
the cylinder is empty, new cylinders can be found outside the dock with all the gases.  
Make sure you grab one that has been labeled for our lab, and not one labeled for 
someone else.  Our tanks are the tall black ones that will say “Ranville” or “Wildeman.” 
 To change the tank, turn off the argon flow completely.  Make sure no one is 
using the cylinder.  Take off the adapter with the wrench next to the 3000.  Put the 
adapter on the new tank and tighten with the wrench.  Make sure it is snug, but not so 
tight that you will not be able to get it off next time.  Reopen the flow to the IC lines and 
check for proper flow rates. 
B2.2. Bad connections with column and other parts 
 If the pressure drops quickly or you notice dripping, it is likely you have a leaky 
fitting.  Completely unscrew the loose fitting and check for damage.  Check the ferrule, 
nut and tubing to make sure they are still in good condition.  Check the threads for 
cross-threading.  This is especially a possibility if you are using PEEK and stainless 
steel components.  Try to avoid mixing the materials if at all possible.  If there are signs 
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of cross threading or damage, replace the components affected.  You may also need to 
trim the tubing to form a new crimp with the new pieces.  When you have new pieces or 
have ensured the old ones are in good condition, dry them off completely before 
reconnecting.  Tighten the pieces by hand snugly or with the small wrench if it is not a 
finger-tight connector.  Do not over tighten with the wrench.  Make sure it is snug but 
without breaking or cross-threading the parts.  Test the new connections with water 
before using your acid or base eluent in case it leaks.   
B2.3. Priming 
 There have been several problems with priming this system.  Follow the 
instructions in the manual for priming the eluent lines and the pump head.  This manual 
will solve most issues. 
 If you are priming the Dionex pump, the most important thing is to make sure you 
are hooked up to the nitrogen and the bottles are pressurized.  Without the extra 
pressure, it is very difficult to prime these pumps or get any flow.   
 If a beeping sound begins when you hit prime, the pressure is too high.  Hit any 
button to get it to stop beeping.  Open the black pressure valve above the priming block.  
Twist it several times to the left.  Hit prime again to restart priming.  Make sure to later 
close this valve before you try to run samples through the column.   
 If you are unable to get the pump to prime, a few things could be wrong.  To be 
sure the problem is not something simple, pull out the pump and check the connections 
to the pump head and eluent lines for leaks or loose fittings.  This has happened only a 
couple times, but made it difficult to prime and hold a prime.  If there is no loose fitting, 
there is most likely a bad check valve.  There should be extras of these in the 
chromatography drawer.  Be very careful when you replace these not to lose or scratch 
the small parts.  There are inlet and outlet check valves, so make sure you use the right 
ones when you replace them.  There should be a couple extras on the cart.  It is a good 
idea to maintain a back up set.  Review the Dionex GP40 guide to identify each 
component and part numbers. 
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B2.4. High back pressure for column 
 High pressure in the column, near 3000 psi, means there is a blockage in the 
column or connections.  Typically, a complete blockage leads to one of the connections 
popping off and leakage.  In my experience, high pressures mean the column needs to 
be cleaned.  The manuals have cleaning procedures for each specific column.  The one 
listed below is for the AS/AG-16 column used for thioarsenic speciation. 
 Start by removing the full column from the chromatography enclosure.  Connect 
the analytical column to the Altech pump with flow going in the correct direction.  
Following the analytical column, connect the guard column.  The flow should go from 
the pump, through the analytical column to the guard column and into a waste bucket.  
This prevents the majority of contamination built up in the guard column from going into 
the analytical column.  If you think there is a lot of dirt, you may want to clean each 
column separately. 
 Start by running 1M hydrochloric acid through the column at 1 mL/min to remove 
most of the metal contaminants and dissolve any base salts from the carrier solution.  I 
usually run this solution for 1-3 hours depending on how bad the column has become.  
After that, I let water run through at 1 mL/min for at least as long as I had the acid going 
through.  The last step I usually run overnight.  Use the 100 mM sodium hydroxide 
solution used for separation to rinse out the acid and water and return the column to its 
original state for separations.  Lower the flow rate to one that will not allow the reservoir 
to empty before you can refill it the next morning.   
 Following cleaning, reconnect the column in the correct order to the Dionex pump 
and check the flow rate.  Ideally it will have returned to ~2200 psi for both columns.  If 
not, you may try cleaning for a longer time with acid.  The column may also be too dirty 
to clean this time.  Do your best to maintain the column and clean when needed.  Follow 
the recommended storage instructions if you will not use the column for a prolonged 
period of time.  You can store the column in the 40:60 sodium hydroxide if you will use it 
in a few days or a week.  Otherwise, fill it with 100 mM sodium tetraborate.  Make sure 
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the column is clean and ready, rinsed with sodium hydroxide eluent, following storage 
for the next analysis. 
B2.5. Suppressor is not working 
 I have found a few reasons for the suppressor not working.  You will know it is 
not working if you notice any of these symptoms: the light on the suppressor controller 
will blink red and green or just red, or the flow coming out of the suppressor waste line 
will not contain bubbles (hydrogen) and water.  You need gas and water to be exiting 
the suppressor for it to be working properly.  If you are unsure, find a conductivity meter 
to measure the conductivity of the solution exiting the suppressor and compare it to the 
original solution entering the suppressor.  You can also adjust the setting higher or 
lower. 
Check the flows of the Altech and Dionex pump to make sure fluid is going 
through the suppressor before continuing with troubleshooting.  Make sure you turn on 
the suppressor controller after you have flow through the suppressor.  Also, try not to 
wait too long to turn on the suppressor after you have flow, because that can cause it to 
stop working quite as well. 
 If none of those problems have affected the suppressor, the suppressor may 
need to be cleaned.  The manual recommends using 200 mN sulfuric acid to clean the 
suppressor through both in and out ports.  I have found that just swapping the water 
used in the suppressor with the sulfuric acid is sufficient to clean it and get it to work 
properly again.  To do this, I turn off the flow on the Dionex pump and stop the 
suppressor.  Stop flow momentarily to the Altech pump and switch the water with the 
sulfuric acid.  Hit run and allow the sulfuric acid to flow through the suppressor for 2-3 
minutes.  Stop the flow and switch back to water before turning it back on.  Turn on the 
Dionex pump and then the suppressor.  It should be working now. 
B2.6. Injection issues 
 To get bubbles out of your syringe, tip the syringe upside down so the needed is 
at the top.  Tap the side of the syringe until the bubble goes to the top of the barrel.  The 
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push the plunger up until the bubble is pushed out of the syringe.  Make sure to keep 
the syringes clean and free of bubbles before you make injections.  Air can mess up 
your results. 
 If you notice leaking when you inject your sample, check that you pushed the 
syringe in all the way.  Make sure the syringe needle is connected properly.  If it is the 
injection port leaking, check that all of the screws are tightened.  If this does not work, 
you may need to replace the seals.  Rheodyne sells a kit you can buy for this and follow 
the instructions very carefully.   
 The last thing you need to be careful of is switching from load to inject mode at 
the appropriate time.  Wait until after you push the sample through the loop to switch to 
inject.  Then allow enough time for the flow to push the sample out of the loop.  You can 
determine this by the size of the sample loop and your carrier flow rate.  Calculate how 
long it will take for the solution to move the volume of your sample loop.  I would add a 
few extra seconds to be sure the sample has been pushed through.  Then, switch back 
to load so that the pressure is high enough and you are ready to inject the next sample 
when that run is done.  I would recommend rinsing the sample loop and syringe 
between samples as an extra precaution that you are not getting carryover or 
contamination from the previous sample. 
B2.7. Retention times moving 
 Small shifts in retention times using this column seems to be common.  However, 
there can be large shifts in retention times that can be prevented or adjusted by doing a 
few simple things. 
 Do your best to keep pressure changes in the column to a minimum.  Large 
pressure changes lead to retention time shifts.  This can be done by keeping the column 
clean.  Clean the column when it gets dirty.  Filter samples that will cause problems.  
Keep your sample matrix to a minimum.  Make sure you keep the injection valve in the 
right mode.  Ideally, there will not be differences when you switch modes, but ours is 
probably very slightly loose, causing the pressure to drop when we switch to inject 
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mode.  In general, higher pressures lead to earlier retention times, and lower pressures 
lead to later retention times. 
 A complicated or new matrix can change the retention times.  Higher salt and 
TDS matrices have moved my retention times.  This can also adjust the peak shape.  
Samples with microbes drastically changed the peak shape of later eluting peaks and 
moved the retention times.  Filtering out material helped a little, but was still had some 
alterations.   
 Finally, if you cannot find a reason for the peak shift, you may have a new 
unknown peak.  When looking at arsenic, pay attention to the m/z counts at 77 to see if 
the peak is due to chloride (usually 183 s retention time).  This chloride peak can 
interfere with the arsenite signal if there is a lot of chloride in the sample. If the arsenite 
signal is low and you have chloride, you may not be able to separate the peaks and a 
lower starting concentration may be required (ie 20 mM instead of 40) to resolve the 
peaks.   
B2.8. Chromatography carryover 
 If you are getting peaks where they are not expected, there are a few things you 
can do.  The first is to clean the syringe and sample loop in case an old sample was 
sticking around.  If you have a late-eluting peak, you may be seeing a peak from the 
previous run.  Increase the run time and make sure you get all of the peaks out in the 
first run.  This is usually only a problem while you are in the method development phase 
and you are not sure when the peaks elute and how many to expect. 
 If your column is not very clean, the increasing gradient can cause an increase in 
the background as a little arsenic from previous runs is eluted.  Sometimes a newly 
cleaned column also has a very slight, linear increase with the gradient change that 
levels off as the concentration does.  If this happens, when you start the next run, there 
may be a higher background to start that drops off quickly and levels off.  This happens 
if you do not allow enough time for the system to re-equilibrate to the 40:60 mixture.  
Ideally you will be able to run a high concentration of sodium hydroxide and elute 
anything left, but sometimes a background increase was unavoidable.  Make sure after 
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your 1000 second run you are running 100 mM sodium hydroxide for a little while longer 
to get things out and then you allow for the 40:60 mixture to run a few minutes to go 
back to the original state.  This is written into the GP40 method, and if you allow a 
minimum of 20 minutes per run, this effect should not be substantial.  Rinsing in 40:60 
NaOH for 21 minutes typically resets the background.  If it does not, clean the column or 
wait longer between sample runs. 
B3. Data processing for speciation methods 
 This section goes over instructions for processing the time and intensity data 
obtained for speciation analysis.  The files will be exported as .xl files.  You need to 
open them in Excel, format them for Origin, and then do the Origin analysis.  These 
instructions are for graphing and analyzing only one analyte in Origin.  You can make a 
graph of the Excel data to decide if you also want to integrate more than one analyte, in 
which case you will follow these instructions and also edit columns C, D as needed. 
B3.1. Excel data processing 
1. Open one of your speciation data files using excel. 
2. Highlight the “A” column by clicking on the A. Make sure the whole column is 
highlighted and not just one box. 
3. Go to the data tab and click on text to columns, which is about halfway across 
the toolbar. 
4. Selected delimited on the first page. Click next. 
5. Select tab and comma. Check in the preview window that your columns are now 
properly sorted.  Click finish. 
6. Insert a row between rows 2 and 3.  This row is blank and will serve the purpose 
of being a comment row in Origin. 
7. In row 1, set A1 as “Time” and B1 as “Intensity.”  In Origin, this will be your 
column titles. 
8. In row 2, set A2 as “seconds” or just “s” and B2 as “counts per second” or “cps.”  
In Origin, this row is your units. 
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9. Save this file as an Excel file.  Hit save, when the box pops up about formatting, 
hit no, then when the save box comes up, keep the file name (without the .xl 
extension) and change the file to a .xls or .xlsx extension. 
10. Copy all of columns A and B to paste into Origin. 
B3.2. Origin analysis for peak integration 
1. Open Excel and start a new worksheet and folder if you were working on a 
different project. 
2. Paste the two columns you copied from Excel into the new worksheet. 
3. Increase the width of column B to read the values. 
4. Go to plot, select line, and line again. 
5. Make the time column your x value and the intensity column your y values by 
check the appropriate boxes. 
6. A graph should now appear in the window and should be listed in your 
workspace window.  Name your worksheet and graph if you would like to help 
keep track as you add additional sample files and graphs. 
7. With the graph selected and open in front, go to analyze, peaks and baseline, 
peak analyzer, open dialog.  An analysis box will pop up as well as a preview 
window for all things you add to your graph. 
8. Check “integrate peaks” if it is not already selected. Hit next. 
9. You have a few options for the baseline.  For most samples, you can use 
constant mode, and then select either minimum or median, depending on what 
looks best.  You can check this in the preview window. 
10. If the baseline looks good in constant mode, hit next and skip to step 15.  If it 
does not, use the drop down menu where it says constant and select user 
defined. 
11. Scroll down and uncheck the box “enable auto find.” 
12. Click “add” and then add points on your preview window by double clicking points 
along the line to make your baseline.  The dots will be connected later, so make 
sure you add enough to make a sufficient baseline.  When you are finished, click 
done on the small box. 
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13. Back on the peak analyzer box, hit next. 
14. Your line will now show up, if it looks good, hit next.  If you do not like it, go back 
to the previous screen and try again until you do like it. 
15. I like to keep my baseline, so I did not correct for it or subtract it so it start at 0.  
This made it so I could keep track of an increasing baseline.  Make the choice if 
you want to correct for it.  Hit next when you are done. 
16. If your peaks are all very tall and well defined, you can use the Auto Find to 
located the peaks.  In my experience, this has only worked for standards or just 
looking at well-shaped arsenite and arsenate peaks.  It does not locate all 
thioarsenate peaks in samples, and it does not work for low concentration 
samples.  My recommendation would be to uncheck Auto Find and pick the 
peaks by hand so you get them all. 
17. Click add after unchecking the box.  Double click on the top of each peak as best 
you can.  You do not have to get it perfect; the program will correct for your eye 
later.  Click done in the small pop up box when you are finished. 
18. Click next on the peak analyzer box. A shaded yellow box will cover the area 
where the program thinks it has covered your peak.  For the most part, this is 
very good.  In some cases, it misses a portion of the tail.  If it looks good, click 
finish and skip to step 20. 
19. If the box needs to be adjusted to cover more of your peak, check the box “adjust 
on preview window” and click inside the yellow box.  Green bars will appear at 
the edges of the yellow box.  Drag them to cover the area needed.  Repeat for 
each peak needing adjustment.  Click finish when you are done, and close the 
black data box if it is still there. 
20. Go back to the worksheet to look at your integration results. 
21. It should open on the second tab “Integration Result 1” or the most recent 
integration report if you analyzed it more than once.  Column P1(Y) has the area 
of each peak.  Column P6(Y) has the center, or retention time, of each peak.  
These are the values you will use for your concentration determination.  Copy 
and paste these into a new “summary” file in Excel. 
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22. Open a new worksheet for each sample file and repeat this procedure to 
integrate peaks and copy and paste the integration area and retention times into 
your Excel calculation summary file. 
B3.3. Calculations and final analysis 
1. Set up an Excel workbook to add you peak areas and retention times for each 
sample.  I typically have columns for sample ID, peak 1 time, peak 1 area, etc for 
the number of peaks you have, and then a column for the peak area sum. 
2. Paste in the info for each sample, leaving space to calculate an average and % 
deviation for each sample and standard that had replicate analyses, which 
should be most, if not all. 
3. If one of the start or middle peaks was missing, add the data for that peak into 
the appropriate column so you can monitor changes in retention time. 
4. Calculate an average signal and %RSD/deviation for each sample species and 
total arsenic.  Look at the RSD to determine data reproducibility, possible 
oxidation if the speciation changed and not the total arsenic, and whether your 
analysis meets your standards for publication. 
5. Determine a response signal from all of your standards.  You should have more 
than one species analyzed, as well as multiple concentrations for each species.   
6. Calculate an average intensity for each ppb of arsenic, and make sure that 
average is within your error limits for each standard analyzed. 
7. For all of your samples, divide the integrated signal by this number to determine 
a concentration for each of your species and the total arsenic in that sample.   
8. If you want to clean up this page, on a new tab copy and paste (values only) all 
of the information.  Remove the retention times and add peak identifications to 
the concentration columns.  If you wish to only look at the average data, remove 
the replicate information as well. 
9. Graph any data you wish with the cleaned up page.  This can be done in Excel, 
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